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ABSTRACT Intra-vehicle wireless communication applications, e.g. the wireless sensor network, are in
need of antennas with uniformly radiated power for signal transmitting and receiving with their randomly
distributed neighboring targets. This demand can be met with power quasi-isotropic antennas with low
angular gain variation (GV). In this paper, two types of practical implementation for conventional U-shaped
λ/4 resonators, which are supposed to have theoretically ideal (approaching zero) GV but have intrinsically
low radiation resistance, have been proposed. One is a dual-layer U-shaped radiator. The extra added layer
introduces a resonance that can be utilized for a good impedance matching with a commonly used 50 �
feeding line. A two-element array model and the two-port network are used to show the working mechanism
and design considerations. The other is a U-shaped RFID tag antenna, which can be considered as the
miniaturized form of a U-shaped λ/4 resonator. With a structure evolution starting from a simple triple
element model, the tag can have a good conjugate impedance matching with the terminated chip. Compared
to their respective counterparts, both proposed antennas have the lowest measured GV. Meanwhile, their
attracting features such as extremely low profile, small lateral size, light weight, simple configuration and
fabrication process, and the possibility of a conformal implementation make them excellent candidates for
future intra-vehicle wireless communications.

INDEX TERMS Electric dipoles, Internet of Vehicles (IoV), intra-vehicle wireless sensor networks, power
quasi-isotropic antennas, RFID antennas.

I. INTRODUCTION
Wireless connectivity will prevail in future vehicle commu-
nications with its internal and external environments [1]–[7].
Concepts such as vehicle-to-sensor on-board (V2S), in-
vehicle infotainment (IVI), human-vehicle interconnection
etc. all belong to typical intra-vehicle wireless applications,
and they also behave as important building blocks of the
next generation Internet of Vehicles (IoV) [1], [8]–[11].
Fig. 1 illustrates a future intra-car wireless network where an
electronic control unit (ECU) or vehicle’s controller at the car
center can communicate with sensors distributed throughout
the entire car (currently there are more than 100 sensors
per vehicle and the number still keeps increasing [1]).
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Compared with the conventional wired network, such
a wireless (or at least a hybrid wired/wireless [12])
network is advantageous on the reduced weight, cost,
complexity, and the increased flexibility (e.g. sensor can
be in locations unreachable by wires) and vehicle intelli-
gence [1], [4], [8], [12], [13]. Reliability of the in-car com-
munication has been demonstrated in our previous work with
the help of the recently emerging time-reversal techniques,
which is quite suitable for a rich multi-path environment [14].

Apparently, in a scenario in Fig. 1, an antenna that can
transmit and receive electromagnetic signals with randomly
distributed neighboring targets is indispensible. This is in
theory the concept of isotropic antennas. In fact, as an ideal
electromagnetic isotropic source with simultaneous identical
radiated power and polarization in all directions does not
exist in principle, as dictated by the Maxwell equations [15],
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FIGURE 1. Typical wireless sensor network deployment.

a series of practical antennas with quasi-isotropic radiated
power have been studied and proposed. A key figure-of-merit
for evaluating the angular uniformity of the radiated power for
such power quasi-isotropic radiators, i.e. the gain variation
(GV), will be used throughout the paper. It is defined as the
angular gain difference at a specific operating frequency, and
it has already been widely utilized in the literature [16], [17].

Up to now, typical methods and techniques for achieving
such quasi-isotropic radiation include: U-shaped λ/4 res-
onators [18]–[21], meander line radiators [16], [22]–[24],
multiple dipole combinations [17], [25]–[27], and the
recently emerging electric-magnetic dipoles [28]-[30].
Compared to the latter three categories which can mainly
rely on intuition and cut and try process, only the U-shaped
λ/4 resonators have been theoretically studied and exact
analytical solutions have been given. In particular, it has
been shown that a U-shaped λ/4 resonator with closely
spaced two parallel arms has the potential of a perfect power
isotropy (GV = 0 dB) [18], [20]. However, due to the oppo-
site electric current on the two parallel arms, the U-shaped
radiator has intrinsically low radiation resistance, leading to
the impedance matching difficulty. This is a critical reason
that U-shaped λ/4 resonators have not been widely applied.
Recently, a U-shaped λ/4 resonator inspired sector cavity
radiator has been proposed and a GV of 5.7 dB has been
achieved [21]. However, this radiator still seems to be bulky
due to its sector shape and relatively thick substrate (6 mm
at 2.45 GHz).

Given the theoretically vanishing GV of a conventional
U-shaped λ/4 resonator, we have proposed two designs as
follows to make the radiator more practical, especially for the
application of future intra-vehicle wireless communications.
One is a dual-layer U-shaped radiator in Section II. With an
additional identical U-shaped structure but of specific geo-
metrical parameters and mutual distance, a fairly large input
resistance around the introduced resonance can be utilized
for the impedance matching. The almost in-phase current on
the two layers renders a far-field distribution with extremely
low measured GV. Both the working mechanism and an
important parameter study have been carefully described. The
other is a U-shaped RFID tag antenna in Section III, based
on a triple infinitesimal current element model, which is in
fact a miniaturized version of the conventional U-shaped λ/4
resonator. Compared with several other quasi-isotropic tag
antennas, the proposed one also has the lowest measured GV.
As to the two proposed quasi-isotropic antennas, the former

one is comparable to wavelength and can be applied in a
transceiver, and the latter is a much electrically smaller tag in
an RFID system. Both designs have the advantages of light
weight, simple configuration and fabrication process, and the
potential of a conformal representation, all appealing features
for intra-vehicle wireless communications. A conclusion will
be finally given in Section IV.

II. THE DUAL-LAYER U-SHAPED RADIATOR
In this section, we show that the input resistance of a classic
power isotropic U-shaped λ/4 resonator can be significantly
increased for impedance matching at the operating frequency,
if an additional identical layer with elaborately chosen arm
length and mutual distance is utilized.

FIGURE 2. The geometry of a U-shaped λ/4 resonator fed in the center.

The geometry of a conventional U-shaped λ/4 resonator
is shown in Fig. 2. It has two parallel y-axis directed arms
and a short x-axis directed connecting section, which are
denoted as #1 to #3 in the figure. The physical length of
#1 (also #3) and #2 are L and D, respectively, and the total
length of the radiator is L ′. This problem has historically been
studied both in the spatial and spectrum domain [18]–[20].
We here present a solution with the assumption that the center
fed surface current follows a sinusoidal distribution along the
entire radiator, which is more general for a flexible length of
#1 to #3 (note that in [18]-[20] only the case for L = λ/4 and a
vanishingD is assumed). The current distribution is explicitly
written as

⇀

I1 = âyI0 sin[β(L − y′)], x ′ = −
D
2
, 0 ≤ y′ ≤ L

⇀

I2 = −âxI0

sin[β(L +
D
2
−
∣∣x ′∣∣)], −

D
2
≤ x ′ ≤

D
2
, y′ = 0

⇀

I3 = −âyI0 sin[β(L − y′)], x ′ =
D
2
, 0 ≤ y′ ≤ L,

(1)

where
⇀

I1,
⇀

I2,
⇀

I3 represent the vector currents on the three
sections. I0 is the current magnitude (current maximum is
at the feed), and β is the phase constant at the operating
frequency. An auxiliary potential based far-field solution in
the spherical coordinate system is given in (2) at the bottom
of next page, where ω is the angular frequency and µ is the
permeability of free space. Now the gain variation (in our
theoretical analysis the radiation efficiency is assumed unity)
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in terms of decibels can be defined as

GV (dB) = 20log

max(

∣∣∣∣⇀E (θ, φ)∣∣∣∣)
min(

∣∣∣∣⇀E (θ, φ)∣∣∣∣)
 , (3)

where
⇀

E (θ, φ) is the vector sum of Eθ and Eφ components.
A parameter study shows that when L is around λ/4 and D
vanishes, GV approaches 0 dB (e.g. when L = 0.244λ and
D = 0.012λ, GV is only 0.3 dB), a result in accordance with
previous findings [18]–[20].

FIGURE 3. Simulated input (a) resistance and (b) reactance of a
conventional U-shaped λ/4 resonator with a fixed λ/2 total length but six
different arm length.

Unfortunately, despite the appealing radiation property,
the low radiation resistance has severely hindered the prac-
tical application of this radiator. Fig. 3 shows the simulated
input impedance at the operating frequency f0 = 2.4 GHz
with a gradually increased L and reduced D while the total
length L ′ is fixed to be 0.5λ. All full wave simulations of this
work were carried out with the finite integration technique
based commercial software, CST Microwave Studio [31].
One sees in the figure that, though the radiator with a total
length of λ/2 always has a resonance (Xin = 0) at f0, the input
resistances there are only a few ohms, and in particular,
Rin even vanishes when L = 0.248λ and D = 0.004λ,
which is the limiting case toward a theoretical isotropic radia-
tion [18]–[21]. Thus, it is inconvenient tomatch the extremely
small Rin with a commonly used 50 � feeding line.
To circumvent this difficulty, a parasitic layer with an

identical radiating shape is introduced, as shown in Fig. 4 (a).

FIGURE 4. The (a) proposed dual-layer U-shaped radiator (Model I),
(b) its tow-element array counterpart (Model II), and (c) and (d) their
two-port network.

This two-element system, a driven element #1 and a parasitic
element #2, in fact forms a canonical problem associated
with mutual coupling (or mutual impedance) calculation.
Although in principle it can be analytically solved e.g.
with the induced EMF method [32], considering the tedious
near-field calculation due to the relative complex configura-
tion, we resort to a full-wave simulation based two-port net-
work analysis instead. Fig. 4 (c) shows its two-port network,
which is characterized by the impedance matrix [32], [33].
The input impedance, i.e. the driving-point impedance,
of the dual-layer U-shaped antenna, depends upon both the
self-impedance and themutual impedance between the driven
and parasitic elements. To quantitatively obtain and control
the mutual impedance, an active two-element model (i.e. the
parasitic element is center fed by a discrete port) was also
examined, as shown in Fig. 4 (b). Its corresponding two-port
network is given in Fig. 4 (d). For convenience we denote
hereafter the antenna model in Fig. 4 (a) and (b) as Model
I and II, respectively. A comparison with the two models
indicates that port 2 is simply shorted in the practical model
(Model I).

Now, the input impedance (also the driving-point
impedance) of port 1, Z1d in Fig. 4(c), can be calculated by

Zin = Z1d =
V1
I1
= Z11 − Z21

(
Z21
Z11

)
. (4)

Note that in the last equation, Z12 = Z21 and Z22 ≈ Z11
are applied, as the network reciprocity and the geometry



Eθ =
jωµI0e−jβr

4πr


e−jβDX/2

[
β
(
ejβDX + 1

)
sin (βD/2)+ jβX

(
ejβDX − 1

)
cos (βD/2)

]
β2(1− X2)

cos θ cosφ

+2j

[
βejβLY − jβY sin (βL)− β cos (βL)

]
sin (βDX/2)

β2(1− Y 2)
cos θ sinφ
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−
e−jβDX/2
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(
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]
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X = sin θ cosφ,Y = sin θ sinφ (2)
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FIGURE 5. The simulated (a) input impedance, (b) current phase
difference, and (c) instantaneous surface current distribution of the dual
layer U-shaped λ/4 resonator. The input impedance of a conventional
single layer U-shaped λ/4 resonator is also shown in (a) for comparison.
The black arrows in (c) highlight the current flow direction.

similarity of the two layers are considered. We plot two sets
of input impedance curves in Fig. 5 (a). One is from a direct
simulation of Model I. The other is calculated by (4), where
Z21 and Z11 are obtained by a simulation for Model II and
the driven element #1 only (the parasitic element removed),
respectively. These two sets of input impedance are together
compared with that of a single U-shaped λ/4 resonator. Note
that the latter is almost identical with the blue dash dot line
(the L = 0.23λ case) in Fig. 2. From the figure, one sees due
to the mutual coupling introduced by the added layer, a res-
onance is introduced at f0 where the considerably increased
Rin can be conveniently utilized for the resistance matching.
In general, the fairly good agreement between the two sets of
input impedance has justified the two-port network analysis.
The slight deviation arises from an additional cut at port 2 in
Model II, and the approximation Z22 ≈ Z11(the lengths of the
two-layer radiator are close but not strictly identical).

The effectiveness of the dual-layer radiators can further
be understood by an investigation on the electric currents on
both layers. It can be found in Fig. 5 (b) that currents on
the two layers are always out of phase except around the
introduced resonance at f0, where the current phase differ-
ence is approaching 30◦ (this low phase difference is almost
imperceptible in the current animation). A snapshot of an
instantaneous current distribution on both layers is exhibited
in Fig. 5 (c) and the same flow direction on the two layers
guarantees their separate radiation adds constructively in the
far-field region.

We next demonstrate that a successful dual-layer U-shaped
radiator design mainly relies on two elaborately chosen geo-
metric parameters: the distance between the two layers h and
the arm length of the parasitic resonator Lp. The correspond-
ing parameter study results are summarized in Fig. 6 and 7,

FIGURE 6. The simulated (a) input impedance at 2.4 GHz for the two
models and (b) |S11| of Model I with a variation of h. The vertical black
dash line indicates the optimal value of h.

FIGURE 7. The simulated (a) input impedance at 2.4 GHz for the two
models and (b) |S11| of Model I with a variation of Lp. The vertical black
dash line indicates the optimal value of Lp.

where L is fixed as 27.14 mm. One sees in the two fig-
ures that both the input impedance and reflection coeffi-
cient dip change dramatically once h and Lp deviate from
the optimal values (denoted by the vertical dash lines). The
above analysis and corresponding features, in fact, parallel
to a bunch of other parasitic loaded antennas. A classic and
typical example is the Yagi-Uda array, where the parasitic
element length itself mainly determines the self impedance
and the distance between the driven and parasitic elements
significantly affects the mutual distance [32].

The final optimized geometry of the dual-layer U-shaped
radiator and the fabricated prototype are shown in Fig. 8.
The two layers are printed on opposite sides of a Rogers
RT5880 substrate with a dielectric constant of 2.2 and a
thickness of 0.254 mm.

FIGURE 8. The (a) geometry and (b) fabricated prototype of the proposed
dual-layer U-shaped antenna.
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The reflection coefficient of the fabricated antenna proto-
type was measured with a domestic Ceyear 3656D network
analyzer and measurement for the radiation properties was
conducted in the Satimo StarLab-E multi-probe system.
A micro-miniature coaxial (MMCX) connector was practi-
cally used to connect the front layer and the feeding coaxial
cable, and a sleeve balun with thin copper sheet to choke
current on the outer conductor of the cable was applied
during measurement. The simulated and measured |S11|,
total efficiency (reflection loss included), and maximum gain
(corresponding to the direction of maximum radiation at each
frequency) are plotted and compared in Fig. 9, where one
sees the fairly good agreement between the simulated and
measured results. The simulated and measured radiation effi-
ciencies at the frequency of best matching are 0.77 and 0.7,
respectively. The simulated and measured gains at 2.4 GHz,
with these finite radiation efficiencies taken into account, are
then approximately−0.7 dB and−1 dB (the gain for an ideal
isotropic source is 0 dB), respectively.

FIGURE 9. Simulated and measured (a) |S11|, and (b) efficiency and
maximum gain of the dual-layer U-shaped antenna. The inset of
(a) shows a model of the antenna with an FRP (εr = 3.5, tan δ = 0.01)
radome, which has a thickness of t = 0.25 mm and height of H = 2 mm.

The 3D radiation patterns at 2.4 GHz are measured
and here in Fig. 10 the results only on three orthogonal
planes are shown and compared with the simulated ones.
It is seen that all patterns approach a circle, except a
relatively larger deviation for the measured ones along y-axis
[see Figs. 10 (a) and (c)]. The measured GV is correspond-
ingly calculated to be within 3 dB, a bit larger than the sim-
ulated 1.6 dB. The fabrication tolerance, connecting cable,
and rotating pedestal [see Fig. 10 (d), right along the y-axis]
together contribute to the deviation.

A comparison for theGV of our proposed with that of some
previously reported single band quasi-isotropic antennas is
summarized in Table 1. Note that in this comparison, some
quasi-isotropic antennas for dual band or multi-band appli-
cations (e.g. [27]), are not counted in due to the different
design purpose, while designs with a small size especially
working as radio-frequency identification (RFID) tags will be
compared with our another design in the next section. In the
table, one sees that our proposed U-shaped radiator has both
the lowest GV and smallest size. In particular, this radiator is
extremely low-profile and lightweight, compared with those
bulky designs and most of its planar counterparts in the table.
A corresponding conformal version can be expected via a

FIGURE 10. Simulated and measured normalized pattern of the dual-layer
U-shaped antenna on the (a) x-y plane, (b) x-z plane, and (c) y-z plane at
2.4 GHz. (d) Scenario of the radiation pattern measurement.

TABLE 1. GV comparison of some quasi-isotropic antennas.

quick optimization. For a complete comparison we have also
listed the bandwidth performance (note that for almost all
reference only the impedance bandwidth is available and thus
the reported measured GV does not necessarily represent the
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GV level within the entire band), and the limited bandwidth
is due to the intrinsic resonance mechanism.

Finally, we have also studied the antenna property if it
is enclosed by a radome in practical applications. The inset
of Fig. 9 (a) shows the CST model for the U-shaped antenna
with a fiber reinforced plastics (FRP) box. The FRP is
commonly used material for radomes due to its excellent
mechanical strength and heat resistance, and it has a dielectric
constant of 3.5 and loss tangent of 0.01. One sees in the
figure that when a typical 0.25 mm thick, 2 mm height FRP
radome is applied, the antenna has a lower resonance. Our
simulation study shows that the resonance shift increases with
a larger material dielectric constant, and a smaller radome
size (i.e. a reduced distance between the radome wall and the
radiator, characterized by the box height H ) will simultane-
ously lead to the resonance shift and a slightly increased GV.
This suggests an appropriate tradeoff between the radome
volume and the GV performance. Once the radome param-
eters are determined, the operating frequency can be conve-
niently tuned back with a fast optimization on the antenna
geometrical parameters. The existence of the radome, due to
themodest material loss tangent and very thin shell, has trivial
effect on the radiation efficiency and gain.

III. THE U-SHAPED RFID TAG ANTENNA
As an important composing technology for future intra-
vehicle systems [1], [8], RFID and the tag antennas with
quasi-isotropic property also attract intense interest in the
literature [16], [23], [24], [34], [35]. In view of the working
mechanism of the U-shaped λ/4 resonators, it is straightfor-
ward to anticipate a similar power isotropy property when
the radiator size is substantially reduced. Fig. 11 shows
another U-shaped radiatormodel but formed by three separate
infinitesimal current elements. The three sections are still
denoted by #1 to #3. Due to the infinitesimal length l, currents
along #1 to #3 are assumed constant and they are related by
I1 = I3 = kI2. Now the far-field solution is given in (5) at
the bottom of this page. A minimal GV via particle swarm

FIGURE 11. The U-shaped radiator model composed of three separate
infinitesimal current elements.

FIGURE 12. Structure evolution of a U-shaped RFID tag antenna.

FIGURE 13. A (a) top and (b) bottom view of the proposed U-shaped RFID
tag antenna.

optimization (PSO) is found to be as low as 0.014 dB when
k = 4.494, dx = 0.035λ, and dy = 0.081λ.
A power quasi-isotropic RFID tag antenna can thus be

designed from this model and Fig. 12 illustrates the design
procedure. Firstly, all three current elements in Fig. 11 were
represented by metallic strips with finite but small length and
width on the substrate, and an Impinj Monza4 chip with an
impedance of 11-j143 � is placed at the middle of #2. Note
that #2 was etched on the opposite side of #1 and #3 so that
the partially overlapped sections (see the shaded area in the
figure) form capacitors and the couplings can be regulated for
a required current ratio k . Next, meander lines were utilized at
the ‘‘U’’ ends for a sufficiently large inductance for conjugate
impedance matching. Finally, a small loop has been utilized
as an inductive feed to reduce the meander line numbers and
the total tag size. It also helps increase the regulation freedom.

The optimized U-shaped RFID tag antenna with detailed
dimensions is shown in Fig. 13. The simulated current dis-
tribution on the tag antenna is shown in Fig. 14 (a). The
black arrows help indicate the current flow on the three
sections, and one sees it is consistent with that in Fig. 11.
Extracted current magnitude and phase on #1 and #2 are
plotted in Fig. 14 (b), where one sees the current on these two
sections are of a certain difference in magnitude (representing
the current ratio k) but strictly in phase. The magnitude
fluctuation is due to the fact that the current vector is not


Eθ =

jωµI1e−jβr

2πβr

[
sin (βlX/2) e−jβdyY

kX
cos θ cosφ + 2j

sin (βlY/2) sin(βdxX/2)
Y

cos θ sinφ
]

Eφ = −
jωµI1e−jβr

2πβr

[
sin (βlX/2) e−jβdyY

kX
sinφ − 2j

sin (βlY/2) sin(βdxX/2)
Y

cosφ
] (5)
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FIGURE 14. Simulated (a) current vector distribution and (b) extracted
current magnitude and phase along #1 and #2. The black arrows in
(a) highlight the current flow directions.

FIGURE 15. Simulated and measured (a) power reflection coefficient and
(b) normalized gain pattern on three orthogonal planes of the proposed
U-shpaed RFID tag antenna. The fabricated tag antenna with a chip is
shown in the inset of (a). In (b), the angular variables for three planes in a
spherical coordinate system are φ for the x-y plane, and θ for the y-z and
x-z planes, respectively. (c) The simulated 2D power pattern of the tag.

necessarily along the current extraction line [see the red solid
lines in Fig. 14 (a)] in CST. Also note that the x-axis directed
currents on the neighboring thin strips of the meander lines
cancel each other and eventually do not produce notable
radiation.

Fig. 15 summarizes the simulated and measured perfor-
mances of the tag antenna. The fabricated tag is shown in the
inset of (a). Based on the input impedance characterization
technique in [36], the power reflection coefficient (PRC) was
measured and one sees in Fig. 15 (a) that the fabricated tag
antenna operates at 906 MHz, slightly lower than the simu-
lated 915MHz. A horizontal line in the figure indicates a PRC
of −3 dB, which is a well accepted standard for RFID tags.
The radiation property was measured with a Hand Carry Kit
UHF of the Voyantic Tagformance ProMeasurement System.
The gain can be calculated via the orientation sensitivity mea-
surement program in the instrument [37]. Since polarization

of this tag antenna is orientation dependent [20], partial gains
for the two orthogonal polarizations in each direction have
been recorded and then added to obtain the actual gain [32].
A complete 3D measurement for the pattern of a tag antenna
(terminated with a chip) is quite difficult, and therefore, as a
common practice in the community, the tag antenna response
was measured for three orthogonal planes. The measured
normalized gain patterns are plotted in Fig. 15 (b) and the
maximum GV is within 2.8 dB, representing good isotropy
property. For a comparison, a simulated 2D plot of the nor-
malized 3D radiated power is shown in Fig. 15 (c) and the
simulated GV is 2 dB. The simulated gain is−3.6 dBi, which
is a typical value for tag antenna [16]. A measured read range
of 2.22-2.62 m has been achieved when an effective isotropic
radiated power (EIRP) of 0.5 W was applied.

TABLE 2. comparison of the size and measured GV of some
quasi-isotropic RFID tag antennas.

The size and GV are compared with some reported
quasi-isotropic RFID tag antennas (all balun free) and the
results are summarized in Table 2. During our design,
the antenna size was intentionally restricted to be similar to
its counterparts. Again we have achieved the lowest mea-
suredGV. As a final remark, although the current tag antenna
was designed without considering the surrounding environ-
ment, an easy co-design with the affixing platform, based
on a good understanding of the U-shaped antenna radiation
mechanism, can be expected.

IV. CONCLUSION
This work aims to push the classical U-shaped λ/4 resonators
toward a more practical implementation for a wide range of
applications. Particularly, their low profile and ideal power
isotropy features are appealing to the flourishing intra-vehicle
wireless communications. Two U-shaped antennas, one with
electrically medium size and considerable radiation effi-
ciency for a 50 � impedance matching and the other with
electrically small size for a conjugate impedance matching
to a tag chip, have been proposed. The working principle
and design guidelines for both designs have been illustrated.
A brief performance analysis for the antenna enclosed by a
practical radome has also been given. Measured performance
shows that both low-profile antennas have good impedance
matching and pretty lowGV, which make them promising for
future intra-vehicle wireless communications.
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