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Abstract — Antennas are essential components of any wireless system due to their irreplaceable functions in transmitting and re-
ceiving electromagnetic waves. Antenna radiation is based on the free electron resonance, leading to a concrete relation between its
physical size and operating frequency. This fundamental principle makes it unrealizable to design well-radiated antennas with ex-
tremely small dimensions, e.g., milli-wavelength scales. Here, to overturn this commonsense correlation, an extremely miniaturiza-
tion methodology of antennas is developed by integrating an arbitrary-sized antenna with an ohmic-biased transistor (OBT) circuit.
In this way, we thousandfold miniaturize the antenna to an overall size at milli-wavelength scales, including the OBT circuits.
Proven by the experiments in the demonstration systems, the wireless system with this thousandfold miniaturized antenna receives
electromagnetic waves well. This methodology would be widely utilized in space-limited wireless systems that cannot provide
enough space for antennas, benefiting various exciting areas, such as information technologies, photoelectricity physics, biomedical
science, and so on.
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wave is impinging on the antenna, part of energy is reflected
and the remainder is received and transmitted to the systems.
A maximum transmission, characterized by low reflection
and high gain, is achieved with strong resonant behavior,
which occurs when the antenna length is comparable to the
wavelength of EM wave, as shown in Figures 1(b) and 1(c).
This size-frequency correlation is the fundamental physics
across all types of antennas [15]-[19], including EM, optic,
and acoustic antennas. Consequently, this intrinsic relation-
ship poses a significant challenge in designing well-radiated

I. Introduction

Antennas play a crucial role in electromagnetic (EM) wave-
based radio systems, serving as the interface between the
physical environment and radio-frequency (RF) circuits
[1]-[4]. Space-limited wireless systems, such as wearable
devices, implant sensors, and drone-carried terminals, re-
quire antennas with extremely small dimensions [5]-[8].
However, conventional antennas operate on the free elec-
tron resonance, which involves interconnected resonance of
free electrons within the antenna and the propagating EM

wave [9]-[11]. This resonance is characterized by a specif-
ic electric field distribution across the antenna body, result-
ing in a pronounced correlation between the resonance
wavelength and the physical dimensions of the antennas
[12]-[14]. As a conceptual demonstration, Figure 1(a) illus-
trates a conventional antenna with length L. When an EM

antennas with extremely small dimensions. To address this
bottleneck, two conceptual pathways have been explored for
realizing miniaturized antennas: the use of special materi-
als and active circuits. Representing the material method,
magnetoelectric (ME) antennas are constructed based on
a magnetostrictive/piezoelectric heterostructure [20]-[22],
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Figure 1 Principles of conventional antenna (a)-(c) and OBT antenna (d)—(f). (a) Schematic of a conventional antenna; (b) Reflection of the conventional
antenna in terms of the length L (The effective receiving frequency form an inverse proportion with L); (c) Gain of the conventional antenna in terms of
the length L; (d) Schematic of the OBT antenna; (e) Reflection of the OBT antenna in terms of the length L; (f) Gain of the OBT antenna in terms of the
length L. Ay and fy stand for the free-space wavelength and operating frequency, respectively.

which emits EM wave through voltage-controlled deforma-
tion, achieving a scale of 2 milli-wavelengths (excluding
the coil for magnetic field bias). However, the ME coupling
possesses a high quality factor, limiting the operating fre-
quency of the ME antennas to a narrow bandwidth of 0.3%
[21]. Additionally, the magnetic bias coils add extra bulk,
while causing incompatibility with wireless systems based
on printed circuit board (PCB) structures. As an alternative,
the active circuit approach has been proposed to construct
effective components with negative impedance characteris-
tics (e.g., negative capacitance and inductance), known as
non-Foster circuits [23]-[26]. Miniaturized antennas have
been realized using non-Foster impedance matching cir-
cuits [27]-[29], but demand complex circuit structures with
multiple transistors, significantly increasing their physical
dimensions and power consumption. Therefore, a pervasive
methodology distinct from ME antennas and non-Foster cir-
cuits for achieving antennas with extremely miniaturized
size, wide operating bandwidth, and high PCB compatibility
is still highly desirable.

To develop a wireless system with an extremely mini-
aturized antenna, we develop the methodology of ohmic-
biased transistor (OBT) integration [30], [31], which is to
integrate an arbitrary-sized antenna element with the OBT
circuit. Reference [30] detailed the engineering realization
of the hundred-octave antenna using OBT matching tech-
nology. Mathematical derivation and experimental analysis
validate that enlarging the antenna element size has a minor
effect on its operating frequency but significantly increases
the receiving gain. This finding overturns the fundamental
physics on size-frequency relation of antennas. With this
method, designers can select the size of the antenna part

based solely on the gain requirement, without concern for
the operating frequency. Further utilizing this exotic fea-
ture of OBT antennas, we minimize the antenna element to
a limit and reduce it to a microstrip line with the length
and width being 1.36 mm and 0.75 mm (0.000454, and
0.000254, at 100 MHz), respectively, resulting in an over-
all size at milli-wavelength scale, including the OBT cir-
cuit. This approach minimizes the antenna’s size to the
point where it occupies no additional space on the circuit
board, and is comparable to the size of a chip or solder pad.
Measurements validate that the miniaturized OBT antenna
possesses a wide frequency range with well-radiated perfor-
mances of low reflection and high gain. Moreover, demon-
stration systems are constructed to validate the perfor-
mance of the miniaturized OBT antenna in real-life scenar-
ios, including a sound transmission system and a video
transmission system. Both wireless systems exhibit excel-
lent radiating performance, indicating the potential of this
miniaturized antenna to play a crucial role in cutting-edge
fields such as information technologies [32], photoelectrici-
ty physics [33], [34], and other disciplines [35], [36].

II. Results

1. Theory of OBT integration

Figure 1(d) shows the conceptual schematic of the antenna
with OBT integration. In this configuration, the antenna ele-
ment is connected to the gate of the OBT, while the port is
connected to the drain. The drain impedance of a transistor
increases from 0 to oo as the drain bias voltage increases.
Therefore, a suitable bias configuration can be established
in the ohmic region to reach a near 50 Q drain impedance,
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ensuring a matched impedance. Through this configuration,
the operating frequency of the antenna with OBT integra-
tion is primarily determined by the OBT, thus resulting in a
geometry-irrelevant antenna. Unlike conventional RF am-
plifiers, the OBT functions as an impedance matching com-
ponent, matching the impedance between a small antenna
and the transmission line to cancel the return loss. This re-
sults in a broader operating bandwidth. By minimizing re-
turn loss due to impedance mismatch, the OBT increases
the gain, not by amplifying the signal, but through im-
proved impedance matching. As conceptually illustrated in
Figure 1(e), altering the antenna length L has a minor effect
on the operating frequency of the OBT antenna. Converse-
ly, increasing the antenna length significantly enhances its
receiving gain, as shown in Figure 1(f). This distinctive
characteristic is in stark contrast to conventional resonance-
based antennas, as represented by Figures 1(a)-1(c).

The impedance and gain features of the OBT antenna
can be derived utilizing the equivalent circuit model pro-
posed in [30], [31]. Figure 2(d) presents the model of the
antenna with OBT integration. In this model, the antenna is
represented as a voltage source V,, with internal impedance

(@ (b)

L

Zy=R,+jX,, where R, and X, stand for the real and
imaginary part of the impedance, respectively. The OBT is
modeled as a voltage-controlled current source g, with a
gate capacitor C; and a channel resistor Rj,. Parasitic capac-
itors Cc and Cp are also included to account for the non-
ideality of the OBT. Using this model, the impedance of the
antenna with OBT integration is derived as follows [37]:

1
Zopr = 1 (1)
Rp

where K(Z,) represents the impact of the antenna element
impedance Z, on the overall impedance of the OBT anten-
na, and w stands for the angular frequency. The factor
K(Z,) can be detailly expressed as

1
= +ijG +8m
K(Z0) = joCex 2 @
— +jw(Cs+C¢)
Z,

Equation (2) indicates that the impact factor K(Z,) is
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Figure 2 Experimental demonstrations of miniaturized OBT antenna. (a) Schematic of the miniaturized OBT antenna. The antenna element is minimized
to a microstrip line, labeled in red frame; (b) Top view of the miniaturized OBT antenna with sizes labeled; (c) Photograph of the fabricated miniaturized
OBT antenna; (d) Circuit diagram of the OBT circuit; (e) Diagram of the equivalent circuit model of the OBT circuit; (f)—(h) Simulated and measured re-
flection coefficient, gain, and power added efficiency (PAE) of the miniaturized OBT antenna.
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linearly modulated by the term C., which represents the
parasitic capacitor between the gate and the drain. As de-
rived in [38], the gate-drain capacitor is negligible com-
pared to other parasitic capacitors. Therefore, the impedance
of the OBT antenna is majorly determined by the drain re-
sistor R, and parasitic capacitor Cp, which agrees well
with previously introduced concept. On the other hand, Z,,
determined by the antenna element’s geometry, has a mi-
nor effect on the impedance matching of the OBT antenna.
Furthermore, the receiving gain of the antenna is also de-
rived through this model. The gain of the OBT antenna is
expressed as

VAgm

1
Gopr = Rp+
)
a

1 +wCGSOcot(%l) + ijGSO(
€)

where V, represents the voltage that the antenna element
couples from the free space, [ represents the length of the
OBT antenna element, and A stands for the free-space
wavelength. According to (2), the overall gain of the OBT
antenna increases proportionally with the antenna size.
With the above derivations, the performance characteristics
of the OBT antenna are analyzed. The operating frequency
of the OBT antenna is minimally affected by its size, while
enlarging its size increases the receiving gain. This charac-
teristic overturns the fundamental physics on the relation
between antenna size and its operating frequency, introduc-
ing geometry as a new degree of freedom into antenna de-
sign. Moreover, this decoupling allows the OBT antenna to
be extremely miniaturized while maintaining its operating
frequency.

2. Antenna miniaturization with OBT

As previously derived, the geometry of the antenna ele-
ment has a minor effect on the operating frequency of the
OBT antenna. Therefore, it is reasonably assumed that the
size of the OBT antenna can be extremely miniaturized
while still being effective at receiving signals. As a proof of
concept, a schematic of the designed miniaturized OBT an-
tenna is illustrated in Figure 2(a). As shown, the antenna el-
ement is extremely miniaturized to a microstrip line with a
size of 1.36 mm x0.75 mm (0.000454, % 0.000251,, where
Ay is the free-space EM wavelength at 100 MHz), so the
circuit effectively has no visible antenna part in the dia-
gram. The antenna is printed on an FR-4 epoxy board
(e, =4.4, tan 6 =0.02) with a thickness of 0.6 mm and an
overall size of 5 mm x5 mm (0.001674,%0.001674,). The
OBT circuit is printed on the top side of the board with
electronic elements soldered. The circuit diagram of the
miniaturized OBT antenna is illustrated in Figure 2(d). It is
important to note that the OBT circuit differs from the con-
ventional transistor-based amplifiers in three significant
ways. First, whereas amplifiers aim for high gain by bias-
ing transistors in the saturation region to enhance signal
boosting, the OBT circuit operates in the ohmic region to

maintain stable impedance across the frequency spectrum.
Second, conventional amplifiers typically require addition-
al input and output matching circuits to reduce return loss,
whereas the OBT circuit inherently performs active imped-
ance matching without the need for supplementary ele-
ments. Third, traditional amplifiers often incorporate feed-
back loops to ensure stability and prevent self-excitation,
whereas the ohmic region bias of the OBT circuit ensures
intrinsic stability.

The geometry of the miniaturized OBT antenna is il-
lustrated in Figure 2(b). The antenna element is labeled in
red with length /, = 1.36 mm and width w, = 0.75 mm. The
detailed geometries of the rest of the circuit are as the fol-
lowings: w; =0.5 mm, w, =0.76 mm, [/, =0.74 mm, [, =
09 mm, /;=1.32mm, /, =0.82mm, /s =0.9 mm, and [, =
0.47 mm. Figure 2(c) shows a photograph of the fabricated
miniaturized antenna. As illustrated, the miniaturized OBT
antenna has an extremely small size compared to the general
antennas seen in wireless systems. We simulate the reflec-
tion coefficient and gain of the miniaturized OBT antenna
with commercial software High Frequency Structure Simu-
lator (HFSS) and Microwave Office. Specifically, during
operation, the capacitive antenna element forms a voltage
division with the gate capacitor of the OBT, coupling the
sensed electric field to the gate. The field effect of the OBT
then converts the gate voltage to the drain current to the
output port. Hence, the gain of the antenna is calculated as

Gogr = Ganr X % X Grer + Linismateh 4)
where G,y is the intrinsic gain of the antenna element,
Grgr is the gain provided by the OBT during field effect,
and Lmismacn = /1 =387, is the power loss of the antenna ele-
ment due to impedance mismatch. The power added effi-
ciency (PAE) yields

Pin_Pnut
n=—5—

Pdc (5)

where P;, and P, are the input and output power of the
OBT antenna, respectively; Py is the DC power consump-
tion of the OBT antenna.

The simulated and measured reflection coefficients are
illustrated in Figure 2(f). The miniaturized OBT antenna
possesses a matched impedance from 100 MHz to 1.81
GHz with a reflection coefficient lower than —10 dB. This
reveals that the miniaturized OBT antenna has an ultra-wide
bandwidth. Using the calculation method shown in (4) and
(5), we simulate and measure the gain and efficiency of the
miniaturized OBT antenna. Figure 2(g) shows the gain
curves of the miniaturized OBT antenna. As illustrated, the
gain of the miniaturized OBT antenna ranges from —45.1
dBi to —21 dBi, demonstrating a notable gain improvement
for such a small size. As shown in Figure 2(h), the antenna
reaches a peak total efficiency of 2.16%. It should be no-
ticed that this efficiency is higher than small antennas with
similar sizes with different methodologies [20], [21], repre-
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senting an acceptable radiation. This miniaturized antenna
possesses an extremely small size at milli-wavelength scale
as a chip and an ultra-wide bandwidth while maintaining
compatibility with widely utilized PCB-based wireless sys-
tems. It is noticeable that the current configuration focuses
on receive-only functionality. The proposed miniaturized
OBT antenna in its current form could be utilized in com-
munications scenarios such as broadcast receiving, posi-
tioning, or navigation. Moreover, incorporating technologies
such as reconfigurable antennas could potentially extend
the design’s capability to support transmission as well.
Table 1 compares the performance of the miniaturized
OBT antenna with four other state-of-the-art antennas fea-
turing extremely miniaturized scale. For contrast, a well-de-
signed regular antenna is also presented in Table 1. The
comparison demonstrates that the antennas with miniatur-
ization technology possess significant smaller scale than the
regular antenna. Among the comparison, two ME antenna
designs are proposed utilizing the AIN/FeGaB material, re-
alizing miniaturized antenna with milli-wavelength scale.
However, it is clearly observed that the ME antenna band-
width is narrow, and their DC bias coils would cause extra
volume occupation. As illustrated in Table 1, active anten-
nas using non-Foster circuits reach a wide bandwidth with-
in a small volume. However, antennas realized with non-
Foster circuits possess a relatively large scale around 1072
wavelength, making them unsuitable for systems with ex-
treme volume requirement. On the other hand, as shown in
Table 1, the miniaturized OBT antenna developed in this
work possesses a much smaller scale, with milli-wave-
length overall size, and an antenna element size of 1074
wavelength scale. Not only does OBT antenna in this work
possess a much wider bandwidth, but it also reaches a vol-
ume miniaturization of two orders of magnitude. Notably,

the OBT antenna is different from non-Foster antennas in a
number of aspects. First, the fundamental matching princi-
ples are different. Non-Foster antennas use non-Foster cir-
cuits with negative inductance or capacitance to match the
impedance of small antennas, while OBT antennas achieve
impedance matching by utilizing the resistance feature of
the field effect transistor (FET) channel in the ohmic re-
gion. Second, the circuit structures are not the same. Non-
Foster circuits typically use two identical FETs or bipolar
junction transistors (BJTs) biased in the saturation region,
whereas the OBT antenna design uses only a single FET bi-
ased in the ohmic region. Third, the matching bandwidths
are not comparable. Non-Foster circuits typically operate
within a narrow bandwidth, while the OBT antenna’s FET
channel resistance remains stable across a broader frequen-
cy range, enabling wideband impedance matching. Com-
pared to regular antennas, this antenna has a reduced size
by three orders of magnitude, and additionally demonstrat-
ing one to two orders of magnitude miniaturization over the
state-of-the-art ME antennas and non-Foster circuit tech-
nologies, while realizing an ultra-wide bandwidth. It is no-
ticeable that the antenna efficiency is relatively low at low-
er frequencies. However, in the calculation of the PAE,
both the radiation gain of the antenna and the performance
of the OBT circuit are considered. Consequently, the low
PAE at lower frequencies is primarily due to the compact
size and high loss of the antenna. Measurement results re-
veal that the OBT circuit itself possesses a PAE of 56%.
Notably, the proposed antenna is approximately one order
of magnitude smaller than state-of-the-art compact anten-
nas reported in the literature. Given this significant size
miniaturization, the efficiency remains acceptable. More-
over, the PAE of the OBT antenna can be further improved
by increasing the antenna size.

Table 1 Performance comparison of the miniaturized OBT antenna and other published small antennas

Reference Antenna type Area (19 X o) Bandwidth PAE Processing
Zhang et al. [10] Regular antenna 0.47 x 0.47 22.2% N/A PCB

Nan et al. [20] ME antenna 0.0067 x 0.0058 (without bias coil) 0.4% 0.28% (2.5 GHz) AIN/FeGaB

Zaeimbashi et al. [21] ME antenna 0.002 x 0.0062 (without bias coil) 0.3% 5.4% (2.5 GHz) AIN/FeGaB
Chen et al. [27] Non-Foster antenna Length: 0.048 40.7% 6.5% (650 MHz) PCB
Zhu et al. [28] Non-Foster antenna 0.1 x0.08 49.2% N/A PCB
Sussman-Fort et al. [29] Non-Foster antenna Length: 0.02 143% 21.1% (21.4 MHz) PCB
This work OBT antenna N 008‘4?50)1(6& 5‘08'2050 (lﬂb(;’;:r:ﬂe?nen " 179% 0.11%-2.2%* PCB

Note: *The PAE of the miniaturized OBT antenna are 0.11% at 100 MHz, 0.76% at 500 MHz, and 2.2% at 1 GHz.

II1. Discussion

1. Parametric discussion on OBT antennas

A parametric discussion is conducted to further validate the
characteristics of the OBT antenna. Figure 3(a) illustrates
the photograph of the fabricated OBT antennas, which are
constructed by integrating antenna elements of different

sizes with OBT circuits. ANT 1, ANT 2, and ANT 3 repre-
sent the OBT antenna with dimensions of 20 mm X 20 mm,
40 mm x40 mm, and 80 mm X 80 mm, respectively. The
OBT circuit is identical to the circuit diagram illustrated in
Figure 2(c). The simulated and measured reflection coeffi-
cients of the different antennas are shown in Figure 3(b). As
shown, ANT 1, ANT 2, and ANT 3 cover the operating fre-
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quency range from 100 MHz to 1.85 GHz, 1.91 GHz, and
2.00 GHz, respectively. The bandwidth results indicate that
geometrical size introduces a neglectable effect of approxi-
mately 2% on the operating bandwidth of OBT antennas.
Conventional antennas operate through resonance, of which
the resonating wavelength is determined by the boundary
conditions defined by the antenna geometry. As a result, the
operating frequency of conventional antennas is primarily
defined by their geometric size. In contrast, the output
impedance of the OBT antenna is governed by the FET
drain impedance, and the antenna size has minimal effect
on this impedance due to the one-way transmission feature
of the FET. Consequently, the bandwidth of the OBT anten-
na is only marginally affected by its size. The gain simula-
tion and measurement results are depicted in Figure 3(c).
ANT 1 possesses a gain of —25.65 dBi to —1.75 dBi, while
ANT 2 and ANT 3 have gains of —12 dBi to 4.45 dBi and

(@) 40 mm

(1.33x10722, at 100 MHz)
20 mm

(6.67x1071, at 100 MHz)

—4.15 dBi to 9.42 dBi, respectively. It is clearly observed
that the receiving gain increases with the antenna size. The
results align well with the derivation in (3). The PAE of the
antennas are illustrated in Figure 3(d). Receiving PAE of
11.5%, 24.0%, and 41.8% are achieved.

In summary, altering the size of the OBT antenna has a
minor effect on its operating frequency. On the other hand,
enlarging the size of the OBT antenna increases its receiv-
ing gain. The results provide a guideline for wideband and
miniaturized antenna design. Unlike the conventional an-
tenna design, which incorporates joint optimization of the
antenna geometry, operating frequency, and gain, the OBT
integration method decouples the antenna size from its
operating frequency. Designers using the OBT integration
method would select antenna geometry solely dependent
on its gain requirement, without concerning for its operat-
ing frequency.

80 mm
(2.67x10724, at 100 MHz)

OBT circuit

ANT 1 ANT 2
ANT 3
20 60
101© (d) ,
ANT I—Sim. @ Mea.
0 40 ANT 2— Sim. B Mea.
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Figure 3 Numerical analysis and experimental verifications of the OBT antenna. (a) Photographs of the fabricated OBT antennas with different sizes;
(b)—(d) Simulated and measured (b) Reflection coefficient, (c) Gain, and (d) PAE results of the OBT antennas.

2. Miniaturized OBT antenna demonstrations

As demonstrated in the preceding sections through theoreti-
cal derivations and verifications, the miniaturized OBT an-
tenna possesses acceptable receiving performance despite
its extremely miniaturized dimensions. To validate its per-
formance and potential, two demonstration systems are
built using the miniaturized OBT antenna: a sound trans-
mission system and a video transmission system. A sketch
of the sound transmission demonstration system is depicted
in Figure 4(a). The speaker generates voice into an inter-
phone with a monopole antenna serving as the transmission
antenna, while the listener holds an interphone from a dis-
tance. The configurations of the receiving interphone with

different antennas are illustrated in Figure 4(b). For com-
parison, ANT 1 represents a solder pad with a diameter of
2 mm, which acts as the receiving antenna with similar size
to the antenna element of the miniaturized OBT antenna.
ANT 2 is the miniaturized OBT antenna proposed in this
work, with an overall size of 5 mm X5 mm and antenna ele-
ment size of 1.36 mm x0.75 mm, and ANT 3 is a regular
monopole antenna with a length of 115 mm. The demon-
stration utilizes Xiaomi XMDIJJLO1 interphones. Both inter-
phones communicate at the 400 MHz frequency band. The
distances are measured for the different receiving antennas
based on the reception of no signal, noise signal, or clear
signal. As illustrated in Figure 4(c), ANT 1 receives a clear
signal from O m to 89 m, which degrades into a noise signal
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from 89 m to 146 m, and no signal beyond 146 m. ANT 2
receives a clear signal within 489 m and a noise signal
within 594 m. In contrast, a clear signal is received within
552 m utilizing ANT 3, and a noise signal within 701 m. It
is worth mentioning that in both industrial and academic
practice, the PCB board often serves as the radiator, though

(@) Transmitting
interphone

T

it is typically referred to as the “ground”. In contrast, the
so-called “antenna”, such as the monopole antenna shown
in Figure 4, functions as an impedance matching compo-
nent. However, it is important to note that while the PCB
board in the comparison is identical across all cases, the
antenna itself exhibits a noticeable size difference.

Receiving
interphone

Distance
(b)
ANT 1: solder pad ANT 2: miniaturized
acting as antenna OBT antenna = Clear signal ~ Noise signal = No signal
ANT 3: regular ©

monopole antenna  ANT |

ANT 2

ANT 3

0 02 04 06 08 1.0
Distance (km)

Figure 4 Interphone demonstration system. (a) Sketch of the sound transmission system using different receiving antennas. The speaker and the listener
each holds an interphone with a distance; (b) Configuration of the utilized receiving interphones. ANT 1, ANT 2, and ANT 3 represent a solder pad acting
as receiving antenna, the miniaturized OBT antenna with extremely small antenna element, and a regular monopole antenna, respectively; (c) Distance
where ANT 1, ANT 2, and ANT 3 receive clear signal, noise signal, and no signal.

This validation demonstrates that, despite its extreme-
ly small dimensions, the miniaturized OBT antenna pro-
vides acceptable receiving performance. On the other hand,
a significant improvement is introduced comparing to the
conventional antenna (solder pad) of similar size. The con-
figuration of the miniaturized OBT antenna also indicates a
high compatibility with the widely applied PCB process.

Furthermore, to thoroughly demonstrate the advantage
of the miniaturized OBT antenna over traditional passive
antennas, a simulation is carried out for the scenario of in-
terphone applications. The simulation setup is illustrated in
Figure 5(a). To accurately model the EM structure of the in-
terphone, the solder pad is placed on an FR-4 epoxy board
with a thickness of 1 mm. Both sides of the board are cov-
ered with metal serving as the ground, with vias connecting
them. The solder pad, acting as a monopole antenna with a
diameter of 2 mm, is positioned at the corner of the circuit
board. For comparison, the photograph of the interphone
circuit board top view is shown in Figure 5(b), and the cor-
responding circuit diagrams for the simulated scenarios are
provided in Figure 5(c). To compare radiation performance,
we employ a pair of lossless serial and shunt inductors to

match the solder pad at 400 MHz. The S§;; parameters for
the solder pad with OBT matching, passive matching, and
without matching are depicted in Figure 5(d). As shown,
the Sy; of the solder pad without matching is close to 0 dB,
indicating poor impedance matching. The passive matching
technique achieves an S;; below —10 dB but within a nar-
row bandwidth. In contrast, OBT matching provides a sig-
nificantly wider bandwidth. The simulated gains are pre-
sented in Figure 5(e). The results indicate that the solder
pad without matching exhibits a significantly lower gain
compared to the configurations with passive and active
matching. Within the bandwidth of the passive-matched
solder pad, its gain is comparable to that of the actively
matched antenna. However, beyond this bandwidth, the
gain of the passive-matched antenna is much lower than
that of the OBT-matched configuration. Simulation results
indicate that with OBT matching, the antenna achieves a
gain comparable to traditional passive matching while ex-
hibiting a significantly wider matched bandwidth. This vali-
dates the advantage of OBT matching in enabling ultra-
wideband operation. Additionally, although the gain of the
miniaturized OBT antenna is low, the results confirm that
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Figure 5 Simulation of the solder pad antenna in Figure 4. (a) Simulation setup of the solder pad antenna; (b) Top views of the interphone circuit board
photograph and the simulation model; (c) Circuit diagrams of the solder pad antenna with OBT matching, with passive inductors matching, and without
(w/0) matching; (d) Simulated S;; of the antenna with OBT matching, with passive matching, and without (w/0) matching; (e) Simulated realized gain of
the antenna with OBT matching, with passive matching, and without (w/0) matching.

the primary cause of this low gain is the lossy FR-4 epoxy
substrate rather than the OBT circuit. Further improve-
ments in antenna gain could be achieved by designing an
all-metal antenna or utilizing a substrate with lower loss.

A sketch of the video transmission system is shown in
Figure 6(a). A pair of Universal Software Radio Peripher-
als (USRPs) controlled by laptops are utilized as the trans-
mitter and receiver. The transmitter USRP utilizes a mono-
pole antenna as the transmitting (TX) antenna, while the re-
ceiver USPR employs the miniaturized OBT antenna. The
transmitted video is modulated with 16-quadrature ampli-
tude modulation (16-QAM). As an example, the miniatur-
ized OBT antenna is used to receive the video signals com-
ing from different angles at 1 GHz. The received constella-
tion diagrams are shown in Figure 6(b). The results indicate
that the constellation diagrams received from different an-
gles exhibit similar performance, demonstrating the isotropy
of the miniaturized OBT antenna. The received constella-
tion diagrams using the miniaturized OBT antenna at differ-
ent frequencies are illustrated in Figures 6(c)-6(e). These
diagrams indicate effective receiving across the operating
band. These demonstrations validate the performance of the

extremely miniaturized OBT antenna. The results indicate
that the miniaturized OBT antenna is highly compatible
with the hardware of wireless systems while possessing sat-
isfactory receiving abilities. The demonstration reveals that
the miniaturized OBT antenna can be utilized in multiple
volume-limited scenarios, including but not limited to
nanophotonic antennas [39], implant antennas [40], and
drone-carried terminals [41].

IV. Conclusion

Antennas usually consume sufficient area for radiation due
to the intrinsic relation between dimension and operating
frequency. In this work, we develop the methodology of
OBT integration to realize the well-radiated antennas with
extremely small dimensions. We utilize the equivalent mod-
el to derive the impedance and gain of the OBT antennas,
indicating that the antennas can be extremely miniaturized
at the cost of gain, without altering their frequency. A
miniaturized OBT antenna with milli-wavelength scales is
designed with exciting numerical and experiment results,
validating the relationship between the size of the OBT an-
tenna with its gain and operating frequency. The miniatur-
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Figure 6 Video transmission demonstration system. (a) Block diagram of the video transmission system; (b) Constellation diagrams of the video transmis-
sion system using the OBT antenna at different angles at 1 GHz; Constellation diagrams of the video transmission system using the miniaturized OBT an-

tenna at (c) 200 MHz, (d) 400 MHz, and (e) 1 GHz.

ized OBT antenna possesses an antenna element size of
1.36 mm x 0.75 mm (0.000452, % 0.000251,), and takes an
overall size of 5mmXx5 mm including the OBT circuit.
Demonstration systems are built to prove that the OBT an-
tenna possesses a high compatibility and satisfactory per-
formance in the practical systems. This miniaturized OBT
antenna would be broadly applied in various disciplines
relying on deep-subwavelength wireless systems, the exam-
ples include fields of information technologies [32], photo-
electricity physics [33], and biomedical science [34], among
others [35], [36].
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