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An Electrically Small 3-D Folded Grounded Loop Antenna
for Omnidirectional Connectivity

Harry Contopanagos*

Abstract—Electrically small antennas are of intense and increasing academic and industrial interest
due to the advent of ubiquitous RFID devices and more generally within the Internet of Things (IoT)
applications. For most of these applications, antennas will have to be as small as possible, when
being integrated within a transceiver, while maintaining significant efficiency values. Of particular
interest are antennas that can radiate omnidirectionally along a planar surface, thus establishing optimal
connectivity capabilities for devices surrounding the corresponding transmitter. Such antennas are
important not only for energy harvesting but also for near-field wireless charging applications. In this
paper, we report an electrically small antenna of size ka ≈ 0.25, where a is its effective radius and k
the wave vector at operating frequency. The antenna geometry is a 3-dimensional folded meandering
loop and contains its own ground, so that it becomes insensitive to the integration environment. The
radiation efficiency of the antenna is 70%, and it radiates as a vertically polarized dipole. The operating
frequency chosen in this paper targets RFID/IoT applications at 915 MHz, and the impedance matching
bandwidth, as realized, is narrow but appropriate for such applications and may be further increased if
appropriate matching networks are used.

1. INTRODUCTION

The Internet-of-Things (IoT) is positioned to transform our everyday environment into a network of
fully interacting sets of devices communicating with little or no human supervision. In its mature
deployment, it will represent the convergence of multiple technologies, including real-time analytics,
artificial intelligence, sensing, and other embedded systems. In the consumer space alone, most aspects
of the smart home, consumer appliances, automotive and health monitors will be drastically affected.
Relevant reports of varying accuracy [1, 2] have estimated the number of IoT devices in the near future
to range from 30 to 50 billion and corresponding market value to $7 trillion [3]. McKinsey [4, 5] predicted
that the economic impact of IoT can be as high as $11 trillion or about 10% of the world GDP in 2025,
but other analyses are more conservative [6, 7]. Regardless of very short-term predictions, associated
hype cycles, time-to-market underestimates, and other initial assumptions that affect predictions, there
is no doubt that the economic impact of IoT technologies will be very substantial in the near future.
From the technologies convergence in IoT, an essential functionality based on corresponding underlying
enabling technologies is the wireless connectivity of the devices, especially in the category of short-range
wireless which will include the majority of interconnected devices. Antennas and antenna arrays are
very important for efficient link budgets in a variety of application segments within this general area,
whether they are intended for RFID and related applications [8, 9], Near Field Communications (NFC),
Bluetooth Low Energy (BLE), and other enabling technologies and applications [10], even unrelated to
data transfer, such as RF Energy Harvesting [11–13] and near-field wireless charging [14].
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IoT connectivity is characterized by transmission of small data volumes and low rates [15], which in
turn implies narrow bandwidth requirements, usually of the order of 1MHz for most applications, and
sub-GHz bands, such as 915 MHz in the US and 868 MHz in Europe, are preferred due to the reliable
propagation characteristics, especially within home or office environment, where absorption from walls
and other fixtures is not detrimental. Antenna form factors for integration in corresponding devices are
important [16], especially since many of the interconnected devices will have small size or will be mobile
or desktop terminals. Given that the wavelength in these frequencies is fairly large (328–346 mm) and
the fact that antennas need to be compact and efficient, as well as inexpensive, it becomes obvious
that many design challenges need to satisfy all or most of these requirements. In addition, specific
deployment characteristics may impose additional constraints relating to the radiation pattern, the
device work space, etc.

In this paper, we will present an electrically small antenna, as defined in the general literature,
which has inexpensive fabrication, as it uses only stamped metal, while maintaining a radiation efficiency
of 70–80%. The electrical size of the antenna is ka ≈ 0.25–0.28, where k is the free-space wave number
at the operation frequency, and a is the effective radius of the antenna, discussed later. One necessity
we imposed is that the antenna contains its own ground, so that it becomes insensitive to any device
integrated behind the antenna. This is usually a very important detail, which is absent on many
publications (academic or industrial), which claim small antenna sizes but need large ground planes in
order to operate correctly, or match, or obtain the necessary isolation from peripheral device components.
A classic example is PIFAs, IFAs, or other folded antennas, which are small antennas requiring large
ground planes, in order to obtain both impedance matching and efficient radiation [17–22]. In contrast,
in this work the size of the antenna will include its ground, and given that it is a 3-dimensional antenna,
the effective radius a we will quote accounts for its size in all 3 dimensions.

The structure of this paper is as follows. In Section 2, we describe the design and layout parameters
of the antenna, discuss the electrical size of the antenna and some possible fabrication variants, and
present its simulated performance. We further present certain importance performance variations related
to key design parameters. In Section 3, we present measurement results and compare them with the
corresponding theoretical quantities. Finally, in Section 4 we summarize with brief conclusions. All
design simulations in this work were performed with the ANSYS finite-element HFSS full-wave software.

2. DESIGN AND OPTIMIZATION OF THE 3-DIMENSIONAL FOLDED
GROUNDED LOOP ANTENNA

In this section, we will analyze the design and optimization of a 3-dimensionally folded loop antenna
which contains its own finite ground. The performance targets are that the antenna is electrically
small, as defined by the classic Wheeler-Chu analysis [23, 24] and extensive follow-up work relating to
the fundamental limits of the radiation quality factor (see for example [25, 26]). A rough estimate of the
size of a small antenna is kR < 1, where k = 2π/λ with λ being the free-space wavelength and R the
radius of the sphere circumscribing the antenna including its ground. More sophisticated current limits
relating to small antenna size, impedance matching and radiation efficiency, expanding on previous
work [27, 28] can be found in [29–31]. In particular, we can use the volumetrically averaged antenna
radius aV [29], or the 3-D surface averaged antenna radius aS [31], to characterize more accurately the
electrical size of the antenna and quantify its radiation efficiency versus electrical size. According to
the volumetrically averaged electrical antenna radius,

kaV = k

(
V

4π/3

)1/3

(1)

where V is the true geometrical volume of the antenna. If we use the 3-D antenna surface to extract
the antenna electrical size, we find instead

kaS = k

(
ΣjSj

4π

)1/2

(2)

where Sj is any surface of the 3-D antenna structure. The summation extends over all antenna surfaces,
and Eq. (2) provides the effective radius of the corresponding sphere of the same area. Further, the
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−10 dB impedance matching band (at a 50-Ohm port) should be a few MHz, as appropriate for IoT and
RFID applications, and the radiation pattern should be omnidirectional around the plane of the antenna
(the plane of the ground), with vertical polarization relative to that plane. Finally, the antenna should
have a maximum radiation efficiency for a fixed small size. We target, as an example, the operation
frequency of 915 MHz, which is a band assigned to most IoT devices in the US. Direct scalability to
other frequencies is straightforward, especially in this stamped metal realization.

In Fig. 1, we show a 3D isometric view of the design, while in Fig. 2, we show the top view and
front view. This design is all laid out in stamped metal, and pure Cu is the metal of choice since it
has maximum conductivity. Stamped metal lends itself to inexpensive mass-production, appropriate
for industrial implementation, and in the layout of Fig. 1, the antenna and its ground can be fabricated
with a planar sheet of stamped metal and then folded. In Fig. 1, M1 is the top antenna layer, M2 the
bottom antenna layer, and M3 the antenna ground.

Figure 1. 3-Dimensional isometric view of the antenna layout, containing 3 metal layers.

Obviously, M1 and M2 could also be both included on a double-cladded low-loss dielectric, rather
than as two separate free-standing metal layers, with the vertical interconnects between the two layers
realized as vertical vias, while the interconnects to the ground are realized as separately soldered metal
pins. This, however, would introduce additional dielectric loss and complicate the fabrication, even
though it would make the antenna smaller. The feed, indicated by the circular excitation port in Fig. 1,
can be practically implemented by an SMA connector whose ground is soldered in the back of the
antenna ground M3 and whose signal pin is soldered directly on the signal post of the antenna through
the ground hole, as shown in Fig. 3 of the fabricated prototype. In the prototype shown, the ground
layer was fabricated separately from the antenna and then soldered.

All the parameters of the optimized design D1 are shown in Table 1, where u is the uniform
width of the antenna metal trace; t is the metal thickness common to M1, M2, and M3; and
h and H are the spacing between M1-M2 and M2-M3 (ground). The size of the antenna is
x × y × z = 24 × 24 × 11 mm3, and the diameter of the circumscribing sphere, which is equal to
the diagonal of the parallelepiped representing the volume of the antenna, is 2R = 35.68 mm. Hence
the geometrically computed electrical size of the antenna at the frequency of operation f = 915 MHz
(λ = 327.87 mm) is x × y × z = 0.073λ × 0.073λ × 0.033λ or, using small antenna metrics

kR =
2πR

λ
= 0.34 � 1. (3)
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Figure 2. Top view and front view of the antenna layout in true relative scale.

Figure 3. Photograph of the fabricated design D1 showing details of the SMA connector and feed.

According to the more accurate effective sizes of Eqs. (1)–(2),

kaV =
2π
λ

(
24 × 24 × 11

4π/3

)1/3

mm = 0.22 � 1 (4)
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Table 1. Layout parameter values (mm) for the antenna designs D1 and D2.

W H h L1 L2 L3 L4 d g s u v t

D1 24 7.3 2.2 3.7 4.5 1.6 3.8 1.25 3.8 0.5 1 1.6 0.5
D2 25 9.6 2.7 3.9 4.05 1.3 3.8 1.55 5.6 0.5 1.3 2.1 0.5

kaS =
2π
λ

(
2 × 24 × 24 + 4 × 24 × 11

4π

)1/2

mm = 0.25 � 1 (5)

We note that the effective electrical sizes of Eqs. (4) and (5) are in close agreement, and fairly smaller
than the more naive size of Eq. (3), which equates the actual antenna volume with the much larger
volume of the circumscribing spherical region, thus overestimating the true radiating volume [23] and
corresponding electrical antenna size. The electrical sizes obtained above show that this is quite a small
antenna, normalized to its performance that we show later.

Some design, tuning and optimization properties should be noted. First, in Figs. 1 and 2 we observe
that we have included a grounding matching stub of width s connecting the signal and ground vertical
feeding pins, which is placed a distance g above the ground. This corresponds to a Matching Network
(MN) essential for impedance matching. We analyze the need and effect of this matching network with
the circuit simulation of Fig. 4. Here, we have simulated the antenna of Figs. 1 and 2 without the
matching stub. Then, we imported the simulation result in the form of a touchstone file represented
by the box in Fig. 4, and then we cascaded this file with the optimized lumped circuit shown in Fig. 4,
consisting of one shunt inductor, one series inductor, and one shunt capacitor after the antenna feed
(Port 1).

Figure 4. A simple matching network circuit optimization of the antenna without a matching stub.

In Fig. 5, we present simulation results of the antenna complex input impedance without the
matching network (curves 1 and 2), with the ideal lumped matching network of Fig. 4 (curves 3 and 4)
and with the physical realization of that matching network through the introduction of the matching
stub, as shown in the complete design of Figs. 1 and 2.

We note from Fig. 5 that without the matching network, the antenna has a very poor matching,
having a resonance at 983 MHz with the impedance value peaking at 4.3 KΩ. With the circuit of Fig. 4,
the antenna impedance resonates at 915 MHz, with Zin ≈ 50 + j0Ω. The antenna with the matching
stub of Figs. 1 and 2 produces an input impedance in close agreement with that of the lumped circuit
of Fig. 4, matching equally well. Hence, this matching stub is an accurate stamped metal realization of
the matching network circuit of Fig. 4, with a minimal layout modification.

Because this is a narrow-band application, it is important to include a simple tuning mechanism for
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Figure 5. Matching network simulations: Simulated Re{Zin} (curve 1) and Im{Zin} (curve 2), denoted
by Zin = [1] + j[2], of the antenna input impedance without the matching stub. Values for these curves
are on the right vertical axis of the plot (in units of 100 Ohms); Zin = [3] + j[4] is for the antenna with
the lumped MN shown in the circuit of Fig. 4, while Zin = [5] + j[6] is for the complete antenna design
with the matching stub shown in Figs. 1, 2. Values for these curves are on the left vertical axis of the
plot (in units of Ohms).

Figure 6. Impedance matching and tuning of the return loss for design D1: [0] Without matching stub,
L4 = 3.8 mm; [1] L4 = 3.8 mm; [2] L4 = 6.8 mm; [3] L4 = 5.8 mm; [4] L4 = 2.8 mm; [5] L4 = 1.8 mm; [6]
L4 = 0.8 mm.

the fabricated prototype tuning, since dimensional variations in the stamped folded metal prototype and
antenna assembly may lead to some antenna detuning. This is achieved by the tuning stubs of length
L4 in Fig. 2, which are included in the stamped metal layout. Fig. 6 presents the frequency variation of
the return loss of the antenna for various tuning stub lengths (both stubs have equal lengths), when all
other parameters are fixed at the values shown in Table 1. We see that the −10 dB impedance matching
bandwidth is 3.5 MHz and that considerable tuning is achieved. Therefore, this is a useful and practical
mechanism for prototype fabrication.

Our choice of circuit topology for the matching network in Fig. 4 is motivated by the fact that
it is the simplest that reactively loads the antenna and can by physically realized minimally within
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the stamped design layout by simply introducing the grounding matching stub of Figs. 1 and 2. For
comparison, an even simpler 2-element topology, consisting of a series capacitor and a shunt inductor,
can also produce the same matched reflection as shown in Fig. 6. However, the complex impedance of
the resulting system is very different from the response Zin = [3] + j[4] of Fig. 5, suggesting that this
alternative cannot be physically realized as minimally as our choice of the circuit of Fig. 4.

The simulated total radiation efficiency of the antenna design D1 is quite high at 70% as shown
in Fig. 7, flat over a much broader frequency band than the impedance matching band shown in
Fig. 6. We point out that the efficiency for design D1 remains the same regardless of all variations
of Fig. 6, i.e., regardless of tuning or whether we include or not the matching stub. Since the
radiating bandwidth of the antenna is much larger than the impedance bandwidth achieved in this
design implementation, it is possible that the impedance matching bandwidth can be increased relative
to the present implementation, within the high-efficiency band of the antenna, by more complicated
matching networks, if more broadband operation is desired, see for example [22, 32, 33]. We will present
such a study with the associated quality factors and their comparison to fundamental small-antenna
limits in a future publication.

Figure 7. Radiation efficiency for designs D1 and D2.

Regarding the overall choice of the design parameters of D1, the size W of the antenna and ground
was chosen as the minimum size where the antenna meandering trace length on M1 and M2 could
achieve the resonant frequency desired, given the overall system height, fixed at 11 mm. This requirement
also produced the trace width u to be around 1 mm. Given the prescribed antenna area, the meanders
on M1 and M2 should be spaced approximately evenly on the planar area, in order to produce good
impedance matching and also maximize efficiency. Otherwise, if the meanders were too dissimilar (L1

or L2 were too small), additional tuning would be required by further increasing the length L4 of the
tuning stubs, but the tuning range would be limited, and the efficiency of the resulting tuned design
would be lower. For example, with L1 smaller than the value in Table 1 by 1mm and therefore L2 larger
by 1 mm, the antenna would be tuned to a frequency f0 = 923 MHz, and the tuning stubs would have to
be a full 4 mm longer, i.e., L4 = 7.8 mm, to tune the antenna down to 915 MHz. Even then, the resulting
tuned antenna efficiency would be 68%, smaller than the efficiency achieved by the optimized design
D1. Further, the tuning stub length range would now be limited for actual prototype tuning. If L1 was
smaller by 2mm, then f0 = 948 MHz, and there would not be sufficient length margins for the tuning
stubs to tune the antenna down. The best one could do is to have tuning stubs of length L4 = 10.8 mm,
which would tune the antenna to f0 = 938 MHz, with a resulting efficiency of 66%. Inversely, if L1 was
larger by 1 mm than the value in Table 1, with L2 smaller by the same amount, the results would be
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the same as in the previous corresponding case. With L1 larger by 2 mm, f0 = 938 MHz, and there
are still not sufficient length margins for the tuning stubs to tune the antenna down. The best one
could do, with L4 = 10.8 mm, is to reach f0 = 926 MHz, with a resulting efficiency of 67%. Hence, the
precise design values of the optimized lengths L1, L2, and L4 of D1 in Table 1 were determined through
numerical optimization of impedance matching and efficiency. A similar behavior follows the choice of
the tuning stub width v, where narrower stubs would tune the antenna up, and then longer stub lengths
would have to be used to tune it down, with a modest reduction in efficiency. Combined effects of the
overall design parameter space are demonstrated below, as we explore an alternative design D2.

A significant variance of the radiation efficiency is achieved by altering other design parameters
of the antenna. To gain a sense of the performance sensitivity regarding efficiency (and therefore
corresponding gain), we include in Fig. 7 total radiation efficiency curves for the two different designs,
D1 and D2, where all relevant parameters are shown in Table 1.

We observe that the total efficiency for design D2 is 80%, superior to that of D1 (a 14% efficiency
increase). A similar increase is obtained for the impedance matching bandwidth which is now at 4.5 MHz.
The important parameters achieving this are the larger values of the spacings H, h and the larger value of
the trace width u. Of course, the antenna volume for design D2 is larger, at x×y×z = 25×25×13.8 mm3.
This is a 36% increase in volume or about 9–11% increase in electrical size (depending on whether we use
of Eq. (2) or (1), respectively). The efficiencies of designs D1 and D2, compared to their corresponding
electrical sizes obtained from Eqs. (4)–(5), show that this antenna’s performance is close to the best
published limits [29, 30].

In Fig. 8, we show the 3-dimensional polar plot of the simulated antenna gain for design D1, for
the same axes orientation as in Fig. 1. We see that the antenna has a perfect dipole radiation pattern,
with maximum gain at 0 dBi; therefore, it is a perfectly omnidirectional dipole antenna. The antenna
is vertically polarized, and it behaves in all respects as a dipole perpendicular to the antenna ground,
even though the antenna is fed as a grounded loop and not as a differentially fed antenna (typical dipole
or loop feeds). This radiation pattern is ideal for omnidirectionally linked devices residing randomly
on a planar surface, such as a table. It is important to notice here that the antenna can be quite close
to that surface and yet not affected by the material of the surface, even when that is metal, because it
is grounded and therefore shielded. This is not true for other small antennas, such as 2-dimensionally
folded dipoles, which typically cannot be shielded by including a nearby ground, since this would short
the antenna due to images induced by the nearby ground that would cancel the antenna currents.
Instead, this antenna is not shorted despite the existence of its ground very near its structure.

Figure 8. Total antenna gain (in dBi) at 915 MHz. The gain is due exclusively to the θ̂ component of
the electric field (vertical polarization at θ = 90◦), with the cross-polarization (horizontal polarization)
smaller by 25 dB.
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3. MEASUREMENTS AND VALIDATION

A stamped metal prototype antenna, shown in Fig. 3, was fabricated according to the parameters of
Table 1, except for the stub length, which was retained much longer for tuning purposes. The stubs were
then clipped by small steps while the return loss is continuously measured through a vector network
analyzer, to achieve measured tuning at 915 MHz. The metal used in the fabrication was pure copper, in
order to maximize the antenna performance, as also used in the design and optimization of the previous
section. Regarding the fabricated prototype, the concept behind the design of Fig. 1 is that it can be
fabricated with a single stamped metal sheet, including the ground and then folded as indicated, to
produce the grounded antenna structure. This is why a square notch appears in Fig. 1 on the ground
pin of the antenna, which indicates folding. The round hole on the ground, through which the signal
pin passes, is not necessary and can be substituted by a square notch surrounding the folded signal
pin on 3 sides so that the signal post can also be folded, landing in the middle of that square notch
without touching the ground, without any change in the antenna response. For the actual fabricated
prototype, the antenna with the feed was fabricated by stamped metal and folded in a commercial
facility. Then, in-house, the ground was cut separately, the feed hole was drilled, and the connector
was soldered first on the back of the ground with its signal pin centered. Then the antenna ground and
signal pins were also soldered appropriately, as shown in the photograph of Fig. 3. During prototype
assembly, a plastic spacer of appropriate thickness was used to ensure antenna planarity and parallel
orientation to the ground at the precise design height H. Because of the significant thickness of the
folded metal trace (0.5 mm) relative to overall antenna dimensions, the prototype was mechanically
quite robust. In Fig. 9, we compare the theoretical versus the measured return loss of the antenna. We
should mention that we had to adjust the length of the tuning stubs in Table 1, in order to perfectly
match the fabricated antenna at the intended operating frequency, since the antenna is inherently
narrowband. This mechanism offsets fabrication inaccuracies, provided that these variances are small.
For the fabrication at hand, the tuning stubs had to be 13% longer than their design value on Table 1,
i.e., their length was 4.3 mm. With this minor tuning, we observe that the measured return loss is in
good agreement with the simulated one. The −10 dB impedance matching bandwidth of the antenna is
measured at about 5.7 MHz, larger than the simulated one which is 3.5 MHz. Fabrication inaccuracies,
surface roughness, as well as other distributed parasitic matching effects may cause this difference. As
mentioned in the introduction, this bandwidth is sufficient for the intended IoT applications of this class
of antennas.

In Figs. 10 and 11, we compare the total gain of the antenna measured in an anechoic chamber
with the corresponding simulated quantity, at 915 MHz, for the two principal cuts of the 3-dimensional

Figure 9. Theoretical (curve [1]) vs. measured (curve [2]) return loss for the antenna design D1.
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Figure 10. Theoretical [1] vs. measured [2] gains at 915 MHz on the [yz] plane for the antenna design
D1.

Figure 11. Theoretical [1] vs. measured [2] gains at 915 MHz on the [xy] plane for the antenna design
D1.

radiation pattern shown in Fig. 8. Fig. 10 is the cut on the [yz] plane, i.e., it is the function
GTOT (θ, φ = 90◦), while Fig. 11 shows the corresponding comparison for the cut on the [xy] plane,
hence it plots the function GTOT (θ = 90◦, φ).

Both measurements are in excellent agreement with the corresponding theoretical simulations and
show an antenna radiating omnidirectionally as a dipole perpendicular to the [xy] plane, with a 0 dBi
gain. We also note that the measured and theoretical gains due to the horizontal component of the
electric field (the component parallel to the [xy] plane) are completely negligible, and the total gain
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plotted is due to the vertical component of the electric field. The antenna therefore acts as a dipole,
completely linearly polarized and with vertical polarization relative to the plane of the antenna.

In Fig. 12, we show the maximum antenna gain versus frequency, around the central resonant
frequency. Again, very good agreement is observed between simulations and measurements, within the
common impedance matching band of Fig. 9. We note here that the plotted measured and simulated
gains are the realized gains, which include the return loss of Fig. 9. Outside the common matching
bands, the measured realized gain is considerably higher than the simulated one, simply because the
measured return loss is smaller than the simulated one, and therefore less power is reflected back to the
feed in the measured antenna than in the theoretical one, for these frequencies. We also note that the
excellent agreement of the maximum gain values near the resonant frequency validates the theoretical
radiation efficiency of the antenna, found to be 70% in Fig. 7.

Figure 12. Theoretical [1] vs. measured [2] maximum realized gains (in dBi) vs. frequency for antenna
design D1.

It is interesting to compare the characteristics and performance of this antenna to alternative
designs existing in the recent literature. We summarize this comparison in Table 2. The electrical size
kaS for all antennas in this table is computed from Eq. (2), which is appropriate for both planar and
3D antennas.

Table 2. Comparison with relevant previous work: f0 is the frequency of operation, Zin BW is the
impedance matching bandwidth at −10 dB, while efficiencies (Eff.) and realized gains (R. Gain) are
included when available.

Antenna
Type

Dimensions (mm)
f0

(MHz)
Eff. R. Gain

Zin BW
(MHz)

kaS

This work 3D 24 × 24 × 11 915 70% 0dBi 5.7 0.25
Ref. [32] 3D 43.5 × 28.5 × 11 915 47% −0.6 dBi 26.4 0.34
Ref. [33] Planar 46 × 37 1000 N/A −3.8 dBi 15 0.39
Ref. [15] Planar 25 × 40 915 25% N/A N/A 0.17
Ref. [8] Planar 31 × 31 922 N/A −4.4 dBi 13.5 0.18

Ref. [9] Planar CP 62 × 62 915 N/A
−0.2 dBi
(2.8 dBic)

22 0.34
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From the above antennas, only the IFA of [15] and the folded dipole-loop printed on a double-
cladded PCB of [8] are effectively smaller than the present one, even though they both occupy a
larger area, because they are planar. However, the efficiency of [15] is one third of the efficiency
presented in this work, while the gain of [8] is 4.4 dB lower than the present antenna (indicating a
proportionally lower efficiency). All the other antennas are substantially larger and of lower efficiency
or gain. The planar antennas in Table 2 have an additional disadvantage since they do not have a
shielding ground, as the present one does. Perhaps the most direct comparison is with the 3D antenna
of [32], which is substantially larger and of lower efficiency, but substantially more broadband. The
antenna in [9] is circularly polarized (CP), and we include it mainly for size comparison. In conclusion,
the present antenna is advantageous to prior designs presented in Table 2, with respect to size/efficiency
characteristics. It is however more narrowband (with the exception of the antenna in [15] which does
not match at the −10 dB level).

A final note relating these results to the impedance matching bandwidth of the antenna as designed
and measured is worth repeating. It is clear from the efficiency plot of Fig. 7 that the antenna radiates
efficiently in a wider frequency band than the one constrained by the impedance bandwidth. Hence, if
a more broadband operation is desired, it should be possible to obtain a version of this antenna that
will efficiently radiate in wider band, provided that an appropriate low-loss (ideally reactive) matching
network is designed and implemented at the antenna feed, in order to increase the current impedance
bandwidth.

4. CONCLUSIONS

In this paper, a novel very small antenna has been designed and fabricated using exclusively stamped
metal. The antenna as implemented has targeted IoT/RFID applications at the 915 MHz frequency
band, but is readily scalable to other operation bands. The basic design requirements that have been
successfully met are that the antenna has a very small electrical size, yet maintains very high radiation
efficiency at the level of 70%–80%, and further it radiates omnidirectionally on the horizon. The stamped
metal design makes it particularly inexpensive for industrial fabrication. The antenna is a grounded,
3-dimensionally folded loop with an integrated matching network, all implemented in stamped metal.
Theoretical simulations and measurements are in general in very good agreement, and validate the
design, thus making this antenna a proper candidate for industrial IoT applications where size, cost,
high efficiency, and omnidirectional device link between a variety of devices, in particular when being
spatially distributed on the same planar surface, is desired. In the future, we will perform a detailed
study of the maximum impedance matching bandwidth of this antenna in relation to the resulting quality
factors and their theoretical minimum limits for small antennas, using a variety of more complicated
reactive matching networks.
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