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Abstract 

This dissertation reports the development of novel acoustically driven, lead zirconate titanate 

(PZT) piezoelectric radiators for very low frequency (VLF: 3-30 kHz) and low frequency (LF: 30-

300 kHz) electromagnetic communication. The low propagation loss of electromagnetic radiation 

below 1 MHz exhibits great potential for low-power, long-range communication systems. 

However, the fundamental reduction in efficiency as antenna size decreases below a wavelength 

(30 m at 1 MHz) has made portable communication systems in the VLF and LF ranges impractical. 

A paradigm shift from electrical antennas to acoustically driven antennas operating at resonant 

wavelengths up to 105 times smaller than electrical antennas offers great potential for portable, low-

power communication systems in the VLF and LF ranges.  

In this dissertation, a theoretical analysis is presented for the primary methods of implementing 

acoustically driven radiating elements, investigating both the radiation and matching efficiencies 

comprising the total antenna efficiency. Radiation from the linear movement of unipolar charge 

driven both piezoelectrically and capacitively, the piezoelectrically actuated rotation of fixed dipole 

charges, and from alternating dipoles inside strain driven piezoelectric resonators are all presented 

and analyzed in terms of their design parameters and fundamental challenges. Unipolar and fixed 

dipolar charge-based approaches are unable to sustain sufficient charge density to achieve efficient 

radiation due to electrical breakdown and charge decay respectively. The dynamic polarization 

flipping inside strain driven piezoelectric alternating dipole antennas (PADAs) circumvents the 

decay and breakdown complications of static charge approaches and is well suited to surpassing the 

efficiency of equivalent electrical antennas by multiple orders of magnitude. 

Here, a VLF PZT PADA is demonstrated which leverages a high piezoelectric coupling 

(d31 = 108 pC/N) and moderate quality factor (Q = 1340) to achieve an efficiency that surpasses 

that of similarly sized dipole antennas by more than 6000 times, significantly improving the 

portable VLF antenna state-of-the-art. The moderate Q allows the PADA to be directly modulated 

with bit rates up to 60 bit/s without the need for additional circuitry. However, despite the increased 

efficiency, the radiated power of the PADAs demonstrated to date remains limited for long-

distance communication applications and significant improvements radiated power are required to 

approach commercial viability. The maximum radiated power of PADAs utilizing high Q, 
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moderate permittivity materials, such as LiNbO3, have been limited by electrical field breakdown 

near the resonator due to large induced surface charge density. High coupling, high permittivity 

materials, such as PZT, offer increased field confinement and thus greater effective piezoelectric 

currents without breakdown. However, the diminished Q results in increased heat dissipation and 

a corresponding loss in radiation efficiency due to thermal nonlinearity. 

To overcome the power handling limitation of individual PADA elements, a PZT rod PADA is 

presented exhibiting enhanced efficiency and power handling compared to the initial PZT disk 

prototype. A thickness extensional mode using a higher coupling d33 mode is utilized to increase 

the PADA figure of merit and radiation efficiency. An eight-element proof of concept array is 

fabricated to demonstrate the potential of parallelism to bolster power handling and radiated 

power. The eight-element array exhibits a 17-fold increase in radiation efficiency and 5-fold 

increase in radiated field strength, demonstrating the potential of larger PADA arrays for extending 

communication ranges. 
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Chapter 1: Introduction 

Portable wireless devices have become ubiquitous over the last decade, and with the growth of the 

internet of things (IoT), demand for small, efficient wireless communication systems continues to 

accelerate. While the development of wireless systems has kept pace with demand at higher 

frequencies, progress toward portable low-frequency systems has been stagnant for nearly a 

century. Compact antennas at the very high frequency (VHF: 30-300 MHz) and ultra-high 

frequency (UHF: 300-3000 MHz) are well developed and suited for transmitting data at high bit 

rates. However, as spectral crowding of those bands increases, there is a need to look toward new 

frequency bands to meet future wireless needs. Demand for faster and more compact wireless 

systems is omnipresent, prompting significant research toward opening new high-frequency bands 

for the newest generation of wireless communication [1]. Higher operating frequency enables 

faster communication rates, but it also comes with greater free-space path loss which generally 

increases with the square of frequency (FSPL ∝ 𝑓2), making it unsuitable for long-distance, low-

power wireless applications. Growing demand for a widespread internet of things (IoT) consisting 

of extensive wireless sensor networks, many of which require only moderate bit rates to 

periodically send small packets of information [2]. Instead, low power consumption is often 

prioritized in order to maximize sensor lifetime [3], [4]. Especially for widespread arrays of 

remote, low-power sensors in hard-to-access rural areas, there is a need for low FSPL to increase 

battery life and enable communication to distant base stations.  

Compared to VHF and UHF signals, radiation at the ultra-low (ULF: 0.3-3 kHz) and very low 

frequency (VLF: 3-30 kHz) ranges exhibits relatively low propagation loss, enabling 

communication underwater up to 20 meters [5] and through hundreds of feet of earth [6]. 

Additionally, VLF radiation can propagate as ground waves that reflect back and forth between 

the Earth's surface and ionosphere with very low atmospheric attenuation of ~2-3 dB/100 km [7]. 

These propagation characteristics are well suited for long-range, low-power communication 

elements over remote or rugged terrain for IoT and defense [8] applications. However, while the 

desirable propagation properties ensure continued demand for compact, long-range VLF 

transmitters, the use of VLF antennas has been largely restricted to submarines [9], [10] and large 

base installations [11], [12] such as the VLF transmitter array in Cutler, Maine. Reducing VLF 
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antennas to below 10s-100s of meters has proven untenable as the power savings from reduced 

propagation loss is negligible to the reduced efficiency as VLF transmitters become electrically 

small. 

1.1 Challenges of Electrically Small Antennas 

Miniaturizing electrical systems has been a common goal across engineering disciplines for 

decades, yet the size of VLF antennas has remained largely unchanged since Guglielmo Marconi 

debuted them in the early 1900s due to a fundamental tradeoff between antenna efficiency, 

bandwidth and size. The primary function of antennas is to wirelessly transfer information or 

energy from one location to another. While the exact specifications of antennas differ from 

application to application, they must generally meet certain power budget, bandwidth and size 

requirements. For IoT, antennas should be small enough to not interfere with the monitored 

surroundings, while point-to-point defense communication necessitates antennas that are compact 

and portable. However, as the physical size of antennas gets smaller than one-tenth of a wavelength 

in size, λ/10, their efficiency tends to decrease significantly, and they are termed electrically small 

antennas (ESAs). Antennas operating at 1 GHz, have a wavelength of 30 cm, enabling them to be 

used in handheld devices without significant loss in efficiency. On the other hand, antennas at 30 

kHz have a wavelength of 10 km, requiring compact VLF antennas to be extremely sub-

wavelength in physical size. Extremely sub-wavelength ESAs exhibit diminished radiation 

resistance which leads to reduced radiation efficiency and greater power consumption to maintain 

the same signal strength at the receiver [13]. Additionally, antennas with extremely subwavelength 

physical dimensions experience an exponential increase in their quality factor (Q) which is 

inversely proportional to the antenna bandwidth. Since bandwidth determines data-rate, data 

transmission can be very difficult for very small ESAs. Thus, despite the valuable low propagation 

properties, compact or handheld VLF antennas have been impractical due to low efficiency and 

data link capabilities.  

1.1.1 Diminished Efficiency 

For VLF transmitters to be viable, they must achieve a lower total power consumption relative to 

higher frequency antennas of similar physical size. Total power consumption for a communication 

link is generally characterized by the Friis transmission formula [14] as: 
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𝑃𝑅 =
𝑃𝑇𝐺𝑇𝐺𝑅𝑐

2

(4𝜋𝑅𝑓)2
(1.1) 

where PR is the power at the receiver inputs, PT is the power delivered to the transmitting antenna, 

c is the speed of light, R is the distance between the transmitter and receiver and f is the operating 

frequency. The gain of the transmitting and receiving antennas respectively are GT and GR, where 

the gain is defined as: 

𝐺 = 𝜂𝑟𝑎𝑑𝐷 (1.2) 

and is the product of the radiation efficiency 𝜂𝑟𝑎𝑑 and the directivity D of the antenna. Typically 

(1.1) and (1.2) are used to describe antenna systems which can be impedance matched to the power 

source and thus matching efficiency is ignored. However, as will be discussed later in this section, 

that assumption does not hold for compact VLF systems which exhibit physical sizes much less 

than one wavelength. Therefore, it is informative to redefine (1.1) in terms of the power available 

from the transmitting source 𝑃𝑇
𝑎𝑣, and (1.2) as a function of the total antenna efficiency. 

𝜂𝑡𝑜𝑡 = 𝜂Γ𝜂𝑟𝑎𝑑 =
𝑃𝑑𝑒𝑙
𝑃𝑎𝑣

𝑃𝑟𝑎𝑑
𝑃𝑑𝑒𝑙

=
𝑃𝑟𝑎𝑑
𝑃𝑎𝑣

(1.3) 

where for a transmitting antenna the matching efficiency 𝜂Γ is the ratio of how much of the power 

available from the source is delivered to the antenna and the radiation efficiency 𝜂rad is the ratio 

of how much of the power delivered to the antenna is radiated. Thus, a figure of merit (FoM) for 

a low-power transmitter can be written as: 

𝐹𝑜𝑀 =  
𝐷𝜂𝑡𝑜𝑡
(𝑅𝑓)2

(1.4) 

It should be noted that both (1.1) and (1.4) are contingent upon assumptions that the antennas are 

aligned, there is no polarization mismatch between the transmitter and receiver, and that there is a 

clear line of sight between the antennas. For long-distance communication that occurs with very 

remote sensing or defense applications, VLF communication would exhibit superior diffraction 

around obstacles and rough terrain compared to higher frequency signals due to the longer 

wavelength. However, due to the application-specific nature of non-free space propagation, it is 
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neglected here for a more general FoM. Equation (1.4) also neglects other communication 

considerations such as data rate, for which higher frequency antennas offer superior 

communication speeds, and is, therefore, addresses only one aspect of a communication link.  

 

Fig. 1.1. Equivalent circuit model of an electrical antenna. 

From (1.4), there is a clear tradeoff between antenna efficiency and operating frequency for small 

antennas. For a compact, VLF or LF transmitter, antenna design must balance the diminished 

efficiency of electrically small antennas operating at low wavelengths against the increased 

propagation loss of higher frequency antennas. Antenna efficiency is defined in terms of the source 

and antenna impedances. The equivalent circuit model of a transmitting antenna is shown in Fig. 

1.1 where 𝑅𝑆 and 𝑋𝑆 are the resistive and reactive components of the source impedance 

respectively and 𝐼𝑠 is the current supplied by the source to the antenna terminals. Since antennas 

are reciprocal devices, the impedance terms are the same for an antenna operating in receiving 

mode. The antenna is characterized by an impedance 𝑍𝐴 = 𝑅𝑟𝑎𝑑 + 𝑅𝐿 + 𝑗𝑋𝐴 where 𝑅𝑟𝑎𝑑 and 𝑅𝐿 

represent the energy dissipated in the antenna through radiation or ohmic losses respectively and 

𝑋𝐴 represents the power stored in the antenna near-field. The power radiated from the antenna and 

the power delivered to the antenna can then be defined in terms of the equivalent circuit parameters 

as: 

𝑃𝑟𝑎𝑑 =
|𝐼𝑠|

2𝑅𝑟𝑎𝑑

2
=

|𝑉𝑠|
2

2
(

𝑅𝑟𝑎𝑑

(𝑅𝑟𝑎𝑑 + 𝑅𝐿 + 𝑅𝑠)2+(𝑋𝐴 + 𝑋𝑠)2
) (1.5) 

𝑃𝑑𝑒𝑙 =
|𝐼𝑠|

2𝑅𝐴
2

=
|𝑉𝑠|

2

2
(

𝑅𝑟𝑎𝑑 + 𝑅𝐿

(𝑅𝑟𝑎𝑑 + 𝑅𝐿 + 𝑅𝑠)2+(𝑋𝐴 + 𝑋𝑠)2
) (1.6) 

  

  

  

  

  =     +   +    

  =   +    
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where Vs is the source voltage. From (1.5) and (1.6), maximum radiation efficiency occurs when 

𝑅𝑟𝑎𝑑 ≫ 𝑅𝐿. In general, for antenna where the length of the largest dimension is 𝑙, the radiation 

resistance is inversely proportional to that length squared (𝑅𝑟𝑎𝑑 ∝ 𝑙2/𝜆2) [15], [16] while the 

ohmic loss is proportional to length (𝑅𝐿 ∝ 𝑙). As 𝑙 ≪ 𝜆, the resistive loss begins to dominate and  

𝑃𝑟𝑎𝑑 =
𝑅𝑟𝑎𝑑

𝑅𝑟𝑎𝑑 + 𝑅𝐿
∝

𝑙

𝜆2
(1.7) 

Maximum matching efficiency occurs when the source impedance is conjugately matched to the 

antenna impedance (𝑍𝐴 = 𝑍𝑠
∗) and all the power available from the source is delivered to the 

antenna.  

𝑃𝑎𝑣 = 𝑃𝑑𝑒𝑙
𝑚𝑎𝑡𝑐ℎ𝑒𝑑 =

|𝑉𝑠|
2

2
(

1

4𝑅𝑠
) (1.8) 

Then (1.3) can be rewritten in terms of the antenna circuit parameters as: 

𝜂𝑡𝑜𝑡 =
𝑃𝑟𝑎𝑑
𝑃𝑎𝑣

=
4𝑅𝑟𝑎𝑑𝑅𝑠

(𝑅𝑟𝑎𝑑 + 𝑅𝐿 + 𝑅𝑠)
2+(𝑋𝐴 + 𝑋𝑠)

2
(1.9) 

However, as the size of electrical antennas becomes much smaller than a wavelength, the reactive 

component of the antenna impedance becomes increasingly large (𝑋𝐴 ∝ 𝑙/𝜆). The small radiation 

resistance in conjunction with the much larger antenna reactance results in a large impedance 

mismatch with the driving electronics.  

𝜂Γ =
𝑃𝑑𝑒𝑙
𝑃𝑎𝑣

(1.10) 

1.1.2 High Q and Low Bandwidth 

In addition to the decreased efficiency, the large reactive impedance component of ESAs results 

in a large quality factor which is defined as: 

𝑄𝑡𝑜𝑡 =
2𝜔 ∗ Energy Stored

Power Dissipated
=

1

1
𝑄𝑜

+
1
𝑄𝐴

(1.11)
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where 𝜔 is the angular frequency of operation and 𝑄𝐴 and 𝑄𝑜 represent the power dissipated 

radiation and ohmic losses respectively. The high Q of ESAs corresponds to a low antenna 

bandwidth, defined as 𝐵 = 1/𝑄, which limits the transmitted bitrate capacity of the antenna 

according to the Shannon-Hartley theorem [17] 

𝐶 = 𝐵log2(1 +
𝑆

𝑁
) (1.12) 

where C is the bit capacity of the transmission channel and S/N is the signal to noise ratio of the 

radiated signal. Improvement in the bandwidth can be achieved by increasing resistive losses in 

the antenna, but only at the expense of radiation efficiency. 

Analysis of the fundamental relationship between antenna size and Q was first conducted by 

Wheeler [18] and Chu [19] in the 1940s. Extensive subsequent work [20]–[23] defined the limit 

on the minimum Q of an antenna as 𝑄 ≥ 1/(𝑘𝑎)  + 1/(𝑘𝑎)3 where 𝑘 = 2𝜋/𝜆 is the 

electromagnetic wavenumber and 𝑎 is the radius of the smallest sphere that contains the antenna. 

For a handheld antenna in the VLF range with a 𝑘𝑎 product <10-4 the resulting bandwidth is on 

the order of 𝜇𝐻𝑧, untenable for data communication [24], [25].  

1.1.3 State-of-the-Art Electrically Small Antennas 

For ESAs to be viable as low-frequency transmitters, they must maximize their efficiency to 

increase the FoM in (1.4). It is clear from the Chu limit that antennas scale unfavorably as the 

physical size gets small relative to electrical wavelength, but the exact scaling depends on the 

antenna implementation. The simplest form of electrically small antennas is the ideal dipole 

comprised of a uniform linear current with a physical length much smaller than the electromagnetic 

wavelength that it radiates (𝐿 ≪ 𝜆). Although the ideal dipole is non-physical, since the currents 

at the ends of the element must reduce to zero due to the open boundary condition, it serves as a 

useful model for small current elements since larger current elements can be discretized into 

smaller lengths of uniform current which can be modeled as an ideal dipole. The fields generated 

from an ideal dipole can be written as:  

𝑯 =
𝐼𝐿

4𝜋
𝑗𝛽 (1 +

1

𝑗𝛽𝑟
)
𝑒−𝑗𝛽𝑟

𝑟
sin(𝜃) 𝝓̂ (1.13) 
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𝑬 =
𝐼𝐿

4𝜋

𝑒−𝑗𝛽𝑟

𝑟
[𝑗𝜔𝜇 (1 +

1

𝑗𝛽𝑟
−

1

(𝛽𝑟)2
) sin(𝜃) 𝜽̂ + 2𝜂 (1 −

1

𝑗𝛽𝑟2
) cos(𝜃)  ̂] (1.14) 

where r is the measurement distance as shown in Fig. 1.2, 𝜔 is the angular propagation frequency, 

I is the current magnitude in the z-direction, L is the length of the current element, and 𝛽, 𝜇, and 𝜂 

are the propagation constant, permeability and intrinsic impedance of the propagation medium. At 

distances far from the antenna, the 1/r2 and 1/r3 terms, called near-field terms because they are the 

dominant field term near the antenna, become negligible and the fields are fully described by the 

radiating 1/r (far-field) term: 

 

𝑯𝒇𝒇 =
𝐼𝑙

4𝜋
𝑗𝛽

𝑒−𝑗𝛽𝑟

𝑟
sin(𝜃) 𝝓̂ (1.15) 

𝑬𝒇𝒇 =
𝐼𝑙

4𝜋

𝑒−𝑗𝛽𝑟

𝑟
𝑗𝜔𝜇 sin(𝜃) 𝜽̂ (1.16) 

  

Fig. 1.2. Mock-up of ideal dipole and radiated field components. 
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For an ideal dipole operating in free space, the cross-over point where the near-field terms and far-

field terms are equal in magnitude is 𝜆/2𝜋 [26]. In general, the region around an antenna can be 

broken into near-field and far-field regimes based on the size and frequency of the antenna and the 

cross-over point where the near-field and far-field terms of (1.13) and (1.14) are equal in 

magnitude. For ESAs, the near-field region can be broken into a reactive near-field and radiative 

near-field component. The reactive near-field region extends up to the cross-over point at 

𝑟 =  𝜆/2𝜋, while the radiated near-field extends to a distance of one wavelength. Between one to 

two wavelengths is defined as a transition area between the near and far-field regions, while all 

distances beyond two wavelengths are considered far-field. However, as will be discussed in 

Section 3.2, these region definitions do not hold true for antennas comprised of high permittivity 

piezoelectric materials due to confinement of the near-field components. 

The efficiency of an ideal dipole can be calculated from (1.9), where the impedance of an ideal 

dipole of length L radiating with an electromagnetic wavelength of 𝜆 is: 

𝑋𝑖𝑑𝑒𝑎𝑙 𝑑𝑖𝑝𝑜𝑙𝑒 = −
120𝜆

𝜋𝐿
𝑙𝑛 (

𝐿

2𝑟
− 1) (1.17) 

𝑅𝑟𝑎𝑑
𝑖𝑑𝑒𝑎𝑙 𝑑𝑖𝑝𝑜𝑙𝑒 = 80𝜋2 (

𝐿

𝜆
)
2

(1.18) 

𝑅𝐿
𝑖𝑑𝑒𝑎𝑙 𝑑𝑖𝑝𝑜𝑙𝑒 =

𝐿𝑖𝑑𝑒𝑎𝑙 𝑑𝑖𝑝𝑜𝑙𝑒

𝜎𝐴𝑖𝑑𝑒𝑎𝑙 𝑑𝑖𝑝𝑜𝑙𝑒
(1.19) 

where 𝜎 is the conductivity of the ideal dipole and the skin depth is assumed to be large relative to 

the radius of the dipole which is a reasonable assumption for antennas with a radius less than 1 

mm at VLF frequencies. At higher frequencies, the skin depth decreases, resulting in more current 

confinement near the edge of the conductor and increased resistance. However, at low frequencies, 

the electrical losses in the antenna are very small relative to the antenna reactance and can thus be 

ignored.  

The efficiency for a copper dipole of length 10 cm and radius 1 cm is shown in Fig. 1.3. The 

current in the antenna is assumed to be constant such that it can be modeled as an ideal dipole. 

From Fig. 1.3b, while both mismatch and radiation efficiency decrease with frequency, the 
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mismatch efficiency is the dominant term due to the very large reactance given by (1.17). In order 

to improve the matching efficiency, a matching network can be used to tune out the antenna 

reactance. For frequencies below 1 MHz, realistic inductive tuning elements (Q less than a few 

hundred) are physically large and electrically lossy, with resistive components in the 𝑘Ω −MΩ 

range (𝑅𝑚𝑎𝑡𝑐ℎ = |𝑋𝐸𝑆𝐴|/𝑄𝑖𝑛𝑑𝑢𝑐𝑡𝑜𝑟). For ESAs with a matching network, the ohmic losses in the 

physical antenna are negligible relative to the case where the copper wire antenna is matched to a 

50 Ω source using an inductor with Q of 200 is compared to the unmatched case in Fig. 1.2. The 

matching efficiency can be improved with multiple matching networks but at the cost of matching 

bandwidth [27]. 

Figure 1.3b shows that even with a matching network, for frequencies below 10 MHz, the 

efficiency of the antenna falls off significantly. In fact, for the antenna shown in Fig. 1.3a, unless 

the efficiency can be raised above the dashed line defined by the FoM in (1.4), it is more efficient 

to operate the antenna at frequencies above 1 MHz despite the increased propagation losses.  

Significant research has gone into maximizing efficiency in ESAs. In general, ESAs are defined by 

their 𝑘𝑎 product, where 𝑘 is the wavenumber and 𝑎 represents the radius of the smallest sphere that 

can enclose the antenna. Typically, ESAs are reported at much higher frequencies (MHz and GHz) 

and relative sizes (𝑘𝑎 > 0.1) [28], [29] compared to what would be needed for a portable VLF 

antenna where 𝑘𝑎 < 10−4. Historically, electrically small antenna research has primarily focused 

on the lower bound for antenna Q (and thus bandwidth) in the context of the Chu limit. However, 

for very small antennas where mismatch losses are not negligible, a more meaningful metric for 

reference is antenna efficiency which governs both communication range and rate [30]. Since both 

the radiation efficiency and matching efficiency can be well below unity for electrically small 

antennas, the total efficiency of the antenna system is the key metric. For a given volume defined by 

𝑎, peak efficiency is achieved by maximizing radiation resistance and tuning out the antenna 

reactance to improve impedance matching. Within a given volume, radiation resistance is maximized 

when the effective antenna size is increased by leveraging designs such as folded dipoles [31],  

helixes [32]–[34] or patterned metal shells [29].  
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Fig. 1.3. Matching and radiation efficiency for a 10 cm copper wire antenna. (a) Mock-up of a dipole antenna 

with a lossy matching network to improve mismatch efficiency. (b) Efficiency of the antenna as a function of 

frequency. 

Tuning out the antenna reactance is achieved either using an external matching network [35] or 

changing the antenna structure to modify the antenna reactance [28]. Incorporating the tuning 

elements inside the antenna structure, such as with coil antennas [36], [37], provides the advantage 

of avoiding external circuits by self-resonating the antenna. Optimized, self-resonant electrical 

antennas have been demonstrated with radiation efficiencies near unity for 0.1 < 𝑘𝑎 < 1 [38]–[40] 

while enabling tunable input impedances to match to driving sources. However, the radiation 

efficiency of self-resonant antennas falls off as 1/(𝑘𝑎)4 for sizes below the critical value [29]: 

𝑘𝑎𝑐𝑟𝑖𝑡 ~ (
2𝜔𝜀0
𝜎

)

1
8

(1.20) 

where 𝜔 is the operation frequency and 𝜎 is the metal conductivity.  

At VLF frequencies, 𝑘𝑎𝑐𝑟𝑖𝑡 > 0.01, orders of magnitude larger than 𝑘𝑎 for a handheld size antenna, 

and thus the radiation efficiency of self-resonant ESAs decreases as 1/(𝑘𝑎)4 for sizes similar to 

mechanical antennas. While small dipole antennas are generally less efficient than self-resonant 

antennas when 𝑘𝑎 > 𝑘𝑎𝑐𝑟𝑖𝑡, they exhibit radiation efficiencies that decay as 1/(𝑘𝑎)2 [41] when 

𝑘𝑎 < 𝑘𝑎𝑐𝑟𝑖𝑡. Including, the necessary lossy matching network to tune out the dipole reactance, small 
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dipole antennas exhibit total efficiencies which scale as 1/(𝑘𝑎)4 as well [42]. Therefore, while other 

geometry-optimized ESAs may yield slightly better efficiencies than an infinitesimal dipole, they 

are unable to improve the efficiency by the multiple orders of magnitude needed to take advantage 

of the low propagation losses at VLF frequencies.  

1.2 Cross-Domain Antennas 

At resonance, antennas exhibit a purely resistive impedance resulting in both a desirable high 

matching efficiency and low Q. However, the resonant operation requires a physical size near 𝜆/2 

to remove/reduce the reactive component of the antenna. Since the 1940s, the disadvantages of 

shrinking electrical antennas much below a wavelength have been well understood, and so the 

impractically of compact VLF antennas has stagnated their development. For physically small or 

portable VLF transmitters to be viable, a radical paradigm shift is needed to circumvent the 

limitations of ESAs. If VLF antennas can be reduced to a compact size of tens of cm while still 

operating at resonance, then mismatch efficiencies can be drastically improved to near unity without 

sacrificing portability. Logically, such a feat would require several orders of magnitude reduction in 

phase velocity and consequently decrease in EM wavelength, which is not attainable even with the 

most advanced high permittivity and permeability materials. Alternatively, cross-cutting into a 

different physical domain where much slower waves exist can provide a promising solution for 

resonant size reduction, provided a high energy coupling between the said physical domain and EM 

domain can be achieved. In fact, such a philosophy has been repeatedly exploited with 

electromechanical/acoustic devices that leverage acoustic velocities up to 105 times slower than the 

speed of light and can be leveraged to develop compact, resonant acoustic antennas. 

For an acoustic resonator to function as an antenna, it must be able to convert an input signal from 

the electrical domain into the mechanical domain and then back into the electromagnetic domain 

as radiation. Acoustic devices such as surface acoustic wave delay lines have been used for decades 

in signal processing applications [43]–[45]. Slower acoustic wave velocities result in shorter 

resonant wavelengths, enabling physically smaller components relative to electromagnetic 

counterparts at the same frequency. Acoustic resonant wavelengths can be up to five orders of 

magnitude smaller than equivalent electromagnetic wavelengths due to the relatively slow speeds 

of acoustic waves (𝑣 = √𝑐/𝜌): 
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𝑓 =
𝑣

𝜆
=

1

𝜆
√
𝑐

𝜌
(1.21) 

where 𝑐 is the stiffness of the acoustic medium and 𝜌 is the density. Therefore, acoustic antennas 

operating in the VLF range could enable resonant operation with sizes of ~10 cm compared to 10 

km for electrical antennas. 

Recently, mechanically resonant antennas have been considered to circumvent the inefficiency of 

ultra-sub wavelength ESAs required for portable VLF communication. Since radiation occurs due 

to the acceleration of charge [46], antennas operating via the mechanical movement of charges offer 

a viable alternative to electrical antennas. Mechanical antennas can generally be considered in terms 

of their electrical antenna counterparts, where the linear acceleration of unipolar electrical charge, 

the flipping of aligned dipole charges or the rotation of static dipoles are roughly analogous to 

monopole, dipole and loop antennas. In the case of either the flipping or rotating dipoles, either 

electric or magnetic dipoles can be used, while the unipolar case is constrained to electric charges 

due to the absence of magnetic monopoles. Although work is ongoing to determine the upper limits 

for radiation efficiency in VLF mechanical antennas, mechanical antennas operating at resonance 

where the reactive antenna components cancel out offer orders of magnitude improvement in 

mismatch efficiency compared to ESA counterparts.  

To date, numerous approaches for implementing mechanical antennas have been demonstrated. 

Prototypes based on the rotation of magnetic dipoles [49]–[51] and flipping of magnetic dipoles in 

magnetostrictive materials [47], [52] have been demonstrated to show promise in surpassing the 

state-of-the-art (SoA). Investigation of mechanical antennas using electrical charges has primarily 

been focused on piezoelectric acoustic antennas that produce radiation via flipping internal charges. 

As first proposed by Mindlin [53], acoustic antennas couple mechanical vibration into electrical 

radiation through the resonant mechanical displacement of internal electrical charges. More recently, 

additional studies on the radiation properties of piezoelectric antennas [54], [55] have conducted. 

Currently, the radiation efficiency (𝜉𝑟𝑎𝑑 = 𝑃𝑟𝑎𝑑/𝑃𝑑𝑒𝑙) of piezoelectric antennas has yet to surpass 

equivalent ESAs. However, early prototypes at VLF [48] have been demonstrated to show promise 

as compact antennas with total efficiencies orders of magnitude greater than ESA’s due to the large 

increase in matching efficiency achieved by operating at resonance. Furthermore, the radiation 
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efficiencies, and thus total efficiency, currently achieved by piezoelectric antennas exhibit the 

potential for orders of magnitude improvement as material and resonator design is further improved. 

 

Fig. 1.4. Demonstrated mechanical antennas. (a) Miniaturized magnetoelectric ferromagnetic/piezoelectric 

thin-film antenna at VHF [47] with more than one order of magnitude improvement in size relative to electrical 

antenna SoA. (b) Lithium Niobate VLF piezoelectric antenna [48] with 300x the efficiency of comparable 

SoA electrical antenna. 

In this dissertation, piezoelectric alternating dipole antennas are demonstrated using lead zirconate 

titanate (PZT) as the piezoelectric material. First, a single element PADA comprised of a PZT disk 

resonating in the radial dilation mode is developed to demonstrate the potential of PADAs as more 

efficient alternatives to electrical antennas, with a measured efficiency more than 6000x that of an 

equivalently sized ideal dipole ESA. Although the 6000x improvement in efficiency is significant, 

it is still well below the expected threshold for PADA efficiency. To demonstrate the potential of 

further enhancements in efficiency, a short rod PADA comprised of the same PZT material is 

designed to operate in a more efficient resonant mode. Due to the smaller size of the rod PADA 

(𝑉𝑑𝑖𝑠𝑘 ≈ 6𝑉𝑟𝑜𝑑) an eight-element rod PADA array is implemented. The demonstrated rod PADA 

array exhibits a 10x increase in radiation efficiency over the disk PADA and more than a 3x 

increase in measurement distance. 

1.3 The Rest of the Document 

This dissertation is arranged as follows. Chapter 1 introduced the challenges of implementing 

electrically small antennas for low-power, long-distance applications and the need for new cross-

domain antennas to surpass the state of the art for portable VLF transmission. Chapter 2 discusses 

the major methods for implementing cross-domain antennas through the acoustic acceleration of 
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electrical charge and the expected efficiencies and implantation challenges for each method. In 

particular, antennas formed from alternating dipoles inside of mechanically driven piezoelectric 

antennas show great promise for exceeding the performance limitations of electrical antennas at 

VLF frequencies. In Chapter 3, the theory behind piezoelectric alternating dipole antennas 

(PADA), including the generation or radiating currents and field considerations are discussed. The 

design of the prototype PADAs is detailed in Chapter 4 while Chapter 5 reports on the measured 

radiation and modulation performance of the fabricated PADAs. Finally, Chapter 6 discusses 

future work and the anticipated growth of the field of PADAs.  
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Chapter 2: Acoustic Antennas 

Cross-domain antennas based on flipping dipoles inside of acoustically driven piezoelectric 

transducers have recently been demonstrated to show promise as compact VLF transmitters with 

efficiencies more than 1000x greater than similarly sized electrical VLF antennas. However, they 

represent only one method of implementing antennas based on the acoustic-driven movement of 

electrical charge. In this chapter, other methods for implementing cross-domain antennas using the 

acoustically driven acceleration of electrical charge are presented. For each type of antenna, the 

predicted efficiency values due to material and physical limitations are discussed, as well as 

implementation challenges. 

 

Fig. 2.1. (a) Mechanical antennal model and (b) equivalent electrical circuit model for the mechanical antenna. 

(c) Equivalent electrical circuit model for the mechanical antenna at mechanical resonance. 

One of the primary advantages of mechanical antennas relative to ESAs is that they can be operated 

at resonance where they exhibit a purely real impedance (𝑋𝐴 = 0) even at portable sizes. 

Mechanical antennas can be simply modeled as a mass (𝑀) on a spring (with stiffness 𝐾) with 

both radiative (𝐶𝑟𝑎𝑑) and motional (𝐶𝑚) damping terms as shown in Fig. 2.1a. The equivalent 

circuit model for the mechanical antenna is given in Fig. 2.1b, where 𝜂 represents the 

electromechanical transformer ratio. At resonance, the mechanical antenna model can be expressed 

in terms of an electrical equivalent circuit model as shown in Fig. 2.1e, where the motional and 

radiation resistances 𝑅𝑚 and 𝑅𝑟𝑎𝑑 correspond to the motional and radiation damping terms. For 

resonant operation at VLF frequencies, the parallel branch containing the static capacitance term 

𝐶𝑜 can be neglected in efficiency calculations since 𝑅𝑚 ≫ 𝐶𝑜. Furthermore, since 𝑅𝑚 ≫ 𝑅𝑟𝑎𝑑, the 

mismatch efficiency can be maximized by designing the motional resistance to be equal to the 
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source resistance.  Comparing the equivalent circuit models for electrical and mechanical antennas 

as given by Figs. 1.1 and 2.1c, the total efficiency for a mechanical antenna relative to an ESA 

employing a lossy matching network is given by: 

𝜉𝑡𝑜𝑡
𝑟𝑒𝑙 =

𝜉𝑡𝑜𝑡
𝑀𝐴

𝜉𝑡𝑜𝑡
𝐸𝑆𝐴 =

𝑅𝑟𝑎𝑑
𝑀𝐴

𝑅𝑟𝑎𝑑
𝐸𝑆𝐴

(𝑅𝑟𝑎𝑑
𝐸𝑆𝐴 + 𝑅𝑙𝑜𝑠𝑠 + 𝑅𝑚𝑎𝑡𝑐ℎ + 𝑅𝑠)

2

(𝑅𝑟𝑎𝑑
𝑀𝐴 + 𝑅𝑚 + 𝑅𝑠)2

(2.1) 

where the superscripts ESA and MA denote electrically small and mechanical antennas 

respectively. Generally, the radiation and loss resistances are much smaller than the matching, 

motional and source resistances (𝑅𝑟𝑎𝑑
𝐸𝑆𝐴, 𝑅𝑟𝑎𝑑

𝑀𝐴 , 𝑅𝑙𝑜𝑠𝑠 ≪ 𝑅𝑚𝑎𝑡𝑐ℎ, 𝑅𝑚, 𝑅𝑠) and thus (2.1) can be 

rewritten as:  

𝜉𝑡𝑜𝑡
𝑟𝑒𝑙 ≈

𝑅𝑟𝑎𝑑
𝑀𝐴

𝑅𝑟𝑎𝑑
𝐸𝑆𝐴

(𝑅𝑚𝑎𝑡𝑐ℎ + 𝑅𝑠)
2

(𝑅𝑚 + 𝑅𝑠)2
(2.2) 

Since 𝑅𝑚 can generally be designed to match the desired 𝑅𝑠 value, whether that is 50 Ω or otherwise, 

by tuning the resonator design dimensions, maximum efficiency relative to ESAs is achieved by 

maximizing 𝑅𝑟𝑎𝑑
𝑀𝐴 . In the following text, the formulas for 𝑅𝑚 and 𝑅𝑟𝑎𝑑 are presented in order to 

outline key parameters for achieving maximum efficiency for each mechanical antenna approach. 

Table 2.1. Geometric Parameters for Mechanical and Reference Electrical Antennas 

Implementation Mechanical Reference ESA 

PU 
𝑾    𝒆  𝑻  𝑬𝑺   𝑬𝑺   𝒎 𝒕𝒄𝒉

𝑬𝑺      
𝑬𝑺  

1 mm 3 mm 1 mm2 0.1 mm 3.2 mm 0.16 mm 738 kΩ 90 pΩ 

CU 

𝑾    𝒆 𝑻  𝑬𝑺   𝑬𝑺   𝒎 𝒕𝒄𝒉
𝑬𝑺      

𝑬𝑺  

5.6 mm 4.6 mm 
21.2 

mm2 
0.23 mm 7.2 mm 0.36 mm 322 kΩ 472 pΩ 

FDE 
𝑾    𝑭𝑫𝑬 𝑻  𝑬𝑺   𝑬𝑺   𝒎 𝒕𝒄𝒉

𝑬𝑺      
𝑬𝑺  

1.7 mm 3 mm 2.6 mm2 0.2 mm 3.4 mm 0.17 mm 676 kΩ 107 pΩ 

PADA 

 𝟑𝟏 𝑪𝟏𝟏
𝑬   𝑷 𝑻 𝑻  𝑬𝑺   𝑬𝑺   𝒎 𝒕𝒄𝒉

𝑬𝑺      
𝑬𝑺  

108 pC/N 
152.3 

GPa 
4 cm 1 cm 8.1 cm 0.41 cm 28 kΩ 63 nΩ 
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In all cases, the acoustic antennas are benchmarked to an ideal dipole of comparable size. An ideal 

dipole is chosen for the reference because: 

• Due to the impracticality of ESAs of this size, they are unlikely to be fabricated and thus 

such optimization provides minimal value. 

• The mechanical resonators are presented generally and are also not geometrically 

optimized. 

• Numerous other factors can influence total efficiency, such as increasing ESA 𝑄 away from 

the optimum lower bound to significant increases in efficiency [56]. 

• Mechanical antennas can achieve multiple orders of magnitude improvements in efficiency 

over ESAs, so distinguishing between different electrical antennas with similar order of 

magnitude efficiencies provides little practical value. 

Analysis of mechanical antenna efficiency is based around finite element modeling of test cases 

with effective stiffness and mass resulting in mechanical resonance near 30 kHz. The length of the 

equivalent ESA dipoles is set as the diameter of the smallest sphere fully enclosing the mechanical 

antenna, while the radius is set to be 1/20th of that length. The key geometric parameters for the 

mechanical antennas and the corresponding electric dipoles are presented in Table 2.1. For all 

analyses presented here, the maximum length/width dimensions of the mechanical resonators are 

assumed to be constant such that the reference ESA efficiency is fixed for each type of mechanical 

antenna.   

2.1 Radiation from Moving Charge 

Electromagnetic radiation occurs due to the perturbation of electromagnetic fields caused by the 

acceleration of charge. For a constant velocity charge as shown in Fig. 2.2, the resulting electric 

field is constant and extends radially away from the charge. Sudden acceleration of the charge 

results in a distortion of the radial field lines near the charge relative to the existing field lines, and 

sinusoidal changes in acceleration lead to disturbances in the form of waves propagating away 

from the charge. General radiation from a moving charge was independently developed by Alfred-

Marie Liènard in 1898 and Emil Wiechert in 1900. For a charge q accelerating linearly, the 

magnitude of the radiated magnetic field B is: 
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Fig. 2.2. Conceptualization of radiation from an accelerating charge. At charge at constant velocity exhibits 

field lines extending radially away from it. If the charge is then accelerated from time t1 to time t2 the field 

lines are distorted during the duration of the acceleration due to the changing speed of the charge. Returning 

to constant velocity results in the field lines extending radially again. The radius of the circle represents the 

distance an electromagnetic wave would travel during Δt = ti+1 – ti. For non-relativistic charge, the circles 

would be nearly concentric but are exaggerated here for emphasis. Repeated acceleration and deceleration of 

charge leads to electromagnetic waves radiating away from the source, with the largest amplitude 

perpendicular to the acceleration and no radiation parallel to the acceleration. 

|𝐵| =
𝑞

4𝜋𝜀0𝑟𝑐2
|𝑟̂ ×

𝑣̇

𝑐
| =  

𝑞𝑣̇

4𝜋𝜀0𝑟𝑐3
𝑠𝑖𝑛(𝜃) (2.3) 

where ε0 is the permittivity of free space, 𝑟 is the distance between the charge and the measurement 

point, v̇ is the acceleration of the charge and is the angle θ is defined the same as in Fig. 2.3. The 

full expression for the magnetic field produced by an accelerating charge includes terms that depend 

on both velocity and acceleration. However, the velocity term is proportional to R-2 and is therefore 

negligible far from the accelerating charge (R ≫ λ) [46]. To achieve maximum large far-field 

radiation, both a large amount of charge and fast acceleration (frequency or displacement) are 

desired. 

For accelerating charge to radiate as desired for an antenna, it is necessary to create a time-varying 

acceleration which will result in the radiation of electromagnetic waves. For electrical antennas, the 

time-varying charge acceleration is driven by the application of an AC current supplied to the 

antenna terminals. Mechanical antennas can reproduce the AC current of electrical antennas by 

mechanically moving discreet charges via a time-varying sinusoidal displacement to create an 

effective electrical current where qa ∝ Ieff. This charge movement can be accomplished by means of 

a resonant micro-electro-mechanical system (MEMS) loaded with charge. From (2.1), to achieve 

large far-field radiation, MEMS antennas should seek to maximize both the amount of charge and 
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the rate at which the charge is accelerated. For resonant systems, acceleration is proportional to the 

product of the peak displacement of the charge and the resonant frequency squared (a ≈ dpkω2).  

 

Fig. 2.3. Accelerating charge radiation pattern and implementation. (a) 3D pattern of an accelerating non-

relativistic charge with maximum radiation generated perpendicular to acceleration direction. (b) Unipolar 

and (c) bipolar electrets. Movement directions are depicted by green arrows resulting in omni-directional far-

field radiation patterns shown in blue (depicted as 2D cross-section). 

The addition of charge to resonating micromechanical structures can be implemented through the 

application of an electret thin film, and for maximum radiation, the electret should be added to the 

portion of the resonator experiencing peak displacement. Electrets can be thought of as the 

electrical equivalent to magnets and consist of materials loaded with electrical charges. Unlike 

magnets that have north and south poles and stable magnetization, electrets are quasi-permanent 

devices that carry either unipolar or bipolar electric charges for a specific amount of time before 

the amount of charge starts to decay. The decay occurs due to the neutralization over time of the 

electret charges as the fields they produce attract opposing charges from both inside and outside 

of the electret. Therefore, while the intrinsic charge density of electrets is maintained, the effective 

charge density presented by the electret is diminished due to the accumulation of neutralizing 

charges on its surface.  

As shown in Fig. 2.3b and 2.3c, two types of electrets can be implemented. First, monopole or 

unipolar electrets, in which an insulating material is charged with monopole charges using, for 

example, corona discharge or ion implantation [57]. Unipolar electrets can generally be separated 

into two categories: organic polymer electrets (e.g. PTFE [58] and Cytop [59]) and inorganic 
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electrets (e.g. SiO2 [60]) with inorganic SiO2 electrets typically offering the highest charge 

densities. Second, dipole or bipolar electrets, in which a ferroelectric material is polarized to have 

an internal quasi-permanent dipole [61]. An electret can be evaluated based on two main 

performance metrics: the charge density that can be attained (σ), and the charge retention or the 

decay rate of the attained charge. 

Similarly, to electrical antennas where the routing of electrical currents or energy through different 

structures (e.g. dipole, loop, horn, etc.) can result in distinct radiation properties, multiple methods 

of mechanically driving charge for radiation could provide unique antenna opportunities. For 

unipolar charges, such as ions implanted in an electret, either linear or rotational motion can be used 

to accelerate the charges. In contrast, dipole charge pairs, which can be achieved by polling a 

ferroelectric material, will not radiate if subjected to linear acceleration. The positive and negative 

charges comprising the dipole produce equal but opposite radiation when subjected to the same linear 

acceleration, resulting in no net radiation. However, radiation from dipole charges can be achieved 

via rotational acceleration, where components of the radiation from the opposing charges can add 

constructively. Additionally, flipping of dipoles such that the polarity is switched as a function time 

will also produce radiation as the opposing charges experience opposite accelerations and thus add 

constructively.  

2.2 Antennas Based on Linearly Accelerated Unipolar Charge 

Mechanical antennas leveraging radiation from linearly moving unipolar charges can be 

implemented by coupling a charged electret with MEMS resonators where the operating frequency 

of the antenna is determined by the resonant frequency of the MEMS. Once the operating 

frequency is determined, the resonator is designed to maximize both the electret charge (q) and the 

maximum displacement of the electret charge (dpk) to produce the largest radiation as defined in 

(2.3). While many resonator design components contribute to the qd
pk

 product, it is fundamentally 

limited by the maximum displacement that can be achieved prior to the resonator breaking or 

entering the nonlinear region of operation and the maximum amount of charge that can be stored 

in the electret and moved. Many MEMS actuation mechanisms can be implemented to move the 

electrical charges including piezoelectric, capacitive, thermal, and magnetic actuators; however, 
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the analysis herein is focused on piezoelectric and capacitive actuators as the most commonly used 

actuation mechanisms.  

2.2.1 Piezoelectric Actuation 

Piezoelectric materials couple the electrical and mechanical domains leading to the reversible 

phenomena of piezoelectricity. Through the piezoelectric effect, applying an electric field across 

a material generates mechanical stress/strain that deforms the material. This deformation can be 

used to move electrets implemented on a suspended structure which is mechanically driven by a 

piezoelectric actuator. Figure 2.4 shows an example of a piezoelectric resonator where a proof 

mass, acting also as an electret loaded with unipolar charges, is tethered at two fixed ends with 

two folded beam piezoelectric actuators. Upon actuation, the electret undergoes in-plane 

movement which generates EM radiation. The dimensions of the folded beam and the mass/electret 

can be tailored to achieve a specific resonance frequency within a certain volume. A piezoelectric 

resonator can be modeled as a one-port resonator using the MBVD model [62], [63] in Fig. 2.1, 

where at resonance the input impedance of the resonator is comprised of a motional resistance Rm 

in series with a radiation resistance Rrad. Rm can be expressed as follows: 

𝑅𝑚 =
𝜋2

8𝜔𝑟𝐶𝑜𝑘𝑡
2𝑄

(2.4) 

 

Fig. 2.4. Piezoelectric actuation mechanism for linearly moving charges. Two folded beams/springs made of 

a piezoelectric material with top electrodes are used to move an electret/mass either in a transversal or 

longitudinal direction. 
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where ωr is the angular resonant frequency, Co is the capacitance at the input port of the 

piezoelectric resonator, kt
2
 is the electromechanical coupling coefficient, and Q is the mechanical 

quality factor of the resonator. Moreover, Rrad = Crad η2⁄  where Crad, the radiation damping 

coefficient, and η, the electromechanical transformer ratio, can be formulated as [55]:  

𝐶𝑟𝑎𝑑 = 80𝜋2 (
𝜎𝐴

𝜆
)
2

(2.5) 

𝜂2 =
8

𝜋2
𝐾𝐶𝑜𝑘𝑡

2 (2.6) 

𝑅𝑟𝑎𝑑 =
10𝜋4 (

𝜎𝐴
𝜆
)
2

𝐾𝐶𝑜𝑘𝑡
2 (2.7) 

where σ is the surface charge density, A is the electret area (q = σA), 𝜆 is the electrical wavelength, 

and K is the equivalent spring constant of the piezoelectric resonator.  

The efficiency of a piezoelectric unipolar antenna relative to a similarly sized ESA can be 

calculated by substituting (2.4) and (2.7) into (2.3). The relative efficiency as a function of different 

design parameters is shown in Fig. 2.5. In Fig. 2.5a, the relative efficiency is shown as a function 

of charge density and mechanical Q, under the assumption that mechanical resonator design is 

fixed such that  K, Co, and  kt
2
 are constant. The black star gives the relative efficiency of an 

antenna with AlN actuators as shown in Fig. 2.4. The properties of the reference resonator are 

shown in the inset in Fig. 2.5a with the dimensions listed in Table 2.1, and the shaded region 

demonstrates the effect of scaling Q by an order of magnitude. Since mechanical efficiency is 

proportional to charge density squared, peak efficiency is achieved by maximizing the amount of 

charge on the smallest possible area to maximize the radiation without increasing the size of the 

mechanical antenna. The charge density is limited by the breakdown electric field that the 

mechanical antenna can sustain. Above that charge density limit, the resulting electric field will 

break down the surroundings and charges start escaping from the electret by arcing to the nearest 

ground or opposite polarity charges. 

 For the case of a piezoelectric unipolar antenna, breakdown can occur both in the electret and in 

the surrounding medium. While dielectric electret materials such as SiO2 have been demonstrated 

to sustain charge densities as high as 30 mC/m2 [57], [64], [65] due to a breakdown field strength 
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of 100 MV/m, the breakdown field strength of air surrounding the electret is 3 MV/m [66]. The 

maximum electret charge is capped by the lowest breakdown limit in the system. For an 

electret-based antenna operating in air, this limits the maximum charge density to < 1 mC/m2
, with 

the exact value depending on electret material, geometry and charge distribution. Packaging 

schemes that utilize insulating dielectric gases such as SF6 or greater than atmospheric pressure 

[67] can enable greater charge densities by increasing the breakdown field strength of the 

surroundings. However, such packaging would result in greater cost and potentially diminished Q 

due to increased air damping [68], [69]. A tradeoff, therefore, exists between using vacuum 

packaging to achieve higher Q but lower charge density [70] or packaging with insulating gas for 

greater charge density but lower Q. This tradeoff is shown generally in Fig. 2.5a but will vary 

slightly depending on resonator and electret materials and design. 

The mechanical quality factor Q is an essential parameter in efficiency calculations as shown in 

Fig. 2.5a and 2.5b. Large quality factors enhance the displacement of the electret at resonance, 

enabling greater radiation and diminished motional resistance. Piezoelectric resonators have a 

wide range of quality factors depending on the resonance frequency, vibration mode, material type, 

  

Fig. 2.5. Design space for unipolar piezoelectric antennas. (a) Relative efficiency of piezoelectric unipolar 

antenna like the one in Fig. 2.4 relative to a similarly sized ESA as a function of the motional resistance for 

different values of charge density. (b) Relative efficiency of piezoelectric unipolar antenna like the one in 

Fig. 2.4 relative to a similarly sized ESA as a function of radiation resistance for different values of 𝑄. Both 

radiation and motional resistance are varied as a function of 𝐶𝑜𝑘𝑡
2 to represent a range of different, similarly 

sized, designs in common MEMS materials. Simulations are based on a 3 mm long AlN resonator with an 

electret area of 1 mm2 and charge density of 0.1 mC/m2 referenced to a 3.5 mm ESA. Parameters such as 

𝐶𝑜,  𝑘𝑡
2,  𝑄,  𝐾 and 𝑀 are varied for the ALN design to account for a range of designs in different materials. 

 

𝑅𝑟𝑎𝑑 ∝
1

𝐶𝑜𝑘𝑡
2

LiNbO3

Quartz

AlN
𝑄 =  3000
𝑅𝑚  =  13 𝑘Ω
𝑅𝑚𝑎𝑡𝑐ℎ  = 738 𝑘Ω
𝑅𝑟𝑎𝑑
𝐸𝑆𝐴  = 90  Ω

(a) (b)
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temperature range, and fabrication process. Quality factors can range from a few hundreds to tens 

of millions [71]–[74] depending on resonator material and design. The relative efficiency of a 

unipolar piezoelectric antenna as a function of resonator material is shown in Fig. 2.5b for some 

of the common piezoelectric resonator materials. Relative efficiency is plotted as a function of 

Cokt
2
 for different values of Q to account for different resonator materials [63], [75]–[77] and 

designs and the electret is assumed to have an area of 1 mm × 1 mm and charge density of 0.1 

mC/m2. It is assumed that the resonant frequency is maintained for various materials, electrode 

configurations, etc. by independently scaling the thickness, and thus mass, of the resonator. The 

efficiency of the unipolar piezoelectric antenna for all material choices can be increased by 

improving the electret charge, either by increasing the electret area or charge density, since the 

resonator properties such as Co, kt
2
 and Q are generally independent of the electret charge. 

Therefore, it is important to maximize the size of the electret within the spherical volume bounding 

both the piezoelectric unipolar antenna and the equivalent dipole in order to increase relative 

efficiency.  

 

Fig. 2.6. Effect of increasing electret area. (a) Mock-up of an example electret configuration to increase total 

charge and effective charge density. The static fields produced by the electret induce structural deformation 

and internal feedback due to the stress generated in the piezoelectric actuators by the static field. (b) The 

tradeoff between increased charge density and diminished electret displacement due to the feedback 

phenomena. Adding grounds between the actuators and electrets can limit the feedback but results in a 

decrease in effective charge density due to pull-in considerations. 
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A mock-up for an electret configuration with a greater electret footprint, and thus relative 

efficiency since the maximum resonator dimensions are maintained, compared to the design in 

Fig. 2.4 is shown in Fig. 2.6a. The resonator effective spring constant is scaled with the increased 

mass from the larger electret to maintain the desired frequency. However, while increasing the 

electret footprint can result in greater effective volumetric charge density (inside the bounding 

sphere) and thus greater radiation efficiency, interference between the large static fields generated 

by the bound charges and the piezoelectric actuators caps the maximum volumetric charge density 

that can be achieved. The electrostatic field interferes with the driving electric field applied inside 

the piezoelectric material between the metallic electrodes, resulting in phenomena such as internal 

feedback which limit the performance of the mechanical antenna. The feedback effect is 

demonstrated in Fig. 2.6b, where for constant input power, the mechanical displacement, and thus 

radiation efficiency, is diminished due to feedback from the electrostatic fields produced by 

various charge densities acting on the piezoelectric transducers. The exact tradeoff between 

increased efficiency due to greater electret charge vs. diminished radiation efficiency from 

feedback effects is dependent on the electret implementation. One way to limit the feedback effect 

is to surround the actuator with grounds to shield the interfering electrostatic field as shown in Fig. 

5a. However, this complicates the fabrication process and lowers the volumetric charge density of 

the mechanical antenna as additional spacing between the grounds and electret must be added to 

avoid pull-in.  

2.2.2 Capacitive Actuation 

In addition to the piezoelectricity, capacitive transduction is widely used in MEMS devices. Such 

a transduction mechanism does not require a functional material and can produce significant 

electrostatic forces at micro-scale. For a one-dimensional case, the electrostatic force Fe is 

determined by the derivative of the electrical potential energy Ue: 

𝐹𝑒 = −
𝜕𝑈𝑒

𝜕𝑥
= −

𝜕

𝜕𝑥
(
1

2
𝑞𝑉𝑆) = −

𝜕

𝜕𝑥
(
1

2
𝐶𝑑𝑉𝑆

2) (2.8) 

where q = CdVS is the amount of charge carried by the electret, VS is the surface potential 

referenced to ground, and the Cd is the equivalent capacitance formed by the electret and the 

ground, respectively. The unipolar charge loaded on the electret provides a potential for generating 

large electrostatic force (Fe ∝ q). However, unlike the traditional electrostatic actuators [78], 
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charge-biased electrets can only be actuated under a specific electrode arrangement using a time-

varying electrostatic force. 

 

Fig. 2.7. Capacitive actuation mechanism for linearly moving charges. (a) Typical capacitive actuation 

technique for fixed voltage case which does not apply to electrets with fixed charges. (b) Differential 

capacitive actuation used to drive an electret into linear motion. 

Consider the two parallel-electrode arrangements illustrated in Fig. 2.7 for the charge-biased 

electret with mass M suspended by a lumped spring K such that the natural frequency of the system 

is ωr = √K m⁄ . Since q is a constant, for a single capacitor system in Fig. 2.7a, the surface potential 

is a function of displacement q, given by: 

𝑉𝑆(𝑥) =
𝑑 − 𝑥

𝑑
𝑉𝑆0 (2.9) 

where 𝑉𝑆0 is the surface potential at 𝑥 = 0 and 𝑑 is the initial gap spacing. Then the actuation force 

under a time-varying input signal 𝑣𝑖𝑛(𝑡) = 𝑉𝑖𝑛 sin(𝜔𝑡) can be solved as follows: 

𝐹𝑒,𝐷𝐶 ≈
1

2

𝑞

𝑑
𝑉𝑠0,      𝐹𝑒,𝜔 ≈ 0 (2.10) 

where 𝐹𝑒,𝐷𝐶 and 𝐹𝑒,𝜔 denote the electrostatic force at dc and frequency 𝜔, respectively. Unlike the 

voltage-biased electrostatic actuators in the literature [79], there will be no pull-in instability effect 

at DC since the force is proportional to 𝑞 (assuming the fringing field is negligible). However, 
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such a single capacitor system cannot be actuated by the time-varying signal for the same reason. 

To overcome this limitation, a dual-capacitor system (Fig. 2.6b) with differential actuation can be 

utilized, where the time-varying electrostatic force for the dual-capacitor system can be found as: 

𝐹𝑒,𝐷𝑖𝑓𝑓,𝜔 =
𝑞

𝑔
𝑉𝑖𝑛 (2.11) 

where 𝐹𝑒,𝐷𝑖𝑓𝑓,𝜔 denotes the differential electrostatic force at 𝜔 and 𝑔 = 2𝑑. 

 

Fig. 2.8. Design space for capacitively actuated mechanical antennas. (a) Relative efficiency of silicon 

capacitive antenna compared to ESA as a function of gap size. (b) Reference antenna for the relative efficiency 

calculation with electret area of 4.6 mm × 4.6 mm. 
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The MBVD model for the electrically-driven mechanical antenna can be expressed as follows [55]: 

𝑅𝑚 =
𝑘

𝜔𝑟𝑄
(
𝑔

𝜎𝐴
)
2

,   𝐶𝑟𝑎𝑑 = 80𝜋2 (
𝜎𝐴

𝜆
)
2

, 𝜂2 = (
𝜎𝐴

𝑔
)
2

(2.12) 

where 𝑅𝑟𝑎𝑑 = 𝐶𝑟𝑎𝑑 𝜂2 =⁄ 80𝜋2(𝑔/𝜆)2. The MBVD parameters are similar to the piezoelectric 

actuation discussed in the previous section. Unlike the piezoelectric case demonstrated in Fig. 2.4, 

where relatively long (compared to the electret-loaded proof mass) actuators are needed to achieve 

large displacements, the capacitively driven antenna can employ a much larger electret footprint 

relative to total antenna size. An example of a capacitively actuated antenna is shown in Fig. 2.8b. 

The electret is driven in a flexural resonance mode back and forth between the two grounds used to 

excite it with the differential drive depicted in Fig. 2.7. Note that the maximum charge density is still 

limited by the electret material for the electrostatic case. The differential electrostatic driving scheme 

solves the feedback problem from the previous approach caused by the interference between 

piezoelectric material and strong electrical field from electret since the electret can be compactly 

sealed by the electrodes. However, to avoid the electrical breakdown in small actuation gaps, the 

systems must be properly packaged in high vacuum.  

Studies have shown that at low pressure (< 10-4 Pa), small gap sizes  (< 10 µm) can increase the 

breakdown field limit by orders of magnitude [80]. The increased breakdown limit could enable 

charge densities significantly larger than 1 mC/m2. However, as shown in Fig. 2.8a, for small gap 

sizes there is a negligible increase in relative efficiency. The relative efficiency of a capacitive 

unipolar antenna is shown in Fig. 2.8a as a function of gap size. The anticipated achievable design 

space for a VLF capacitive antenna similar to the one shown in Fig. 2.7b is shaded in Fig. 2.7a where 

the total efficiency is limited by gap size. From (2.2) and (2.12), relative efficiency is maximized 

with a large gap size, provided that Rm = Rs and the gap size does not become so large that fringing 

fields can no longer be neglected. For a resonant system with fixed stiffness and mass, impedance 

matching can be achieved with larger gap sizes by increasing 𝑄 and 𝜎. Gap design for maximum 

efficiency must be balanced between a large gap size for increased radiation efficiency vs. a small 

gap size to increase achievable charge density in vacuum to match the source impedance. 
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2.3 Antennas Based on Rotating Dipolar Charges 

 

Fig. 2.9. Piezoelectric actuation mechanism for rotating bipolar charges. A piezoelectric material poled and 

tethered to the fixed ends by two composite beams made of a piezoelectric material on top of a passive material 

(bimorph) that generates the rotational movement upon the excitation of the piezoelectric material [81]. 

Dipole electrets can only radiate with rotational motion because, in linear translational motion, 

both positive and negative charges have the same acceleration magnitude and direction, 

consequently canceling the net radiation. A dipole electret undergoing rotational motion while 

accelerating/decelerating, as shown in Fig. 2.9, can radiate EM energy and the resulting peak 

magnetic field in the case of sinusoidal motion can be formulated as: 

|𝐵| ≈
𝑞

4𝜋𝜀𝑜

𝜔2ℎ𝜑𝑝𝑘

𝑐3𝑅
(2.13) 

where ℎ is the thickness of the dipole electret and 𝜑𝑝𝑘 is the peak deflection angle. Equation (2.13) 

is an approximation that is only valid if 𝜑𝑝𝑘 < 10𝑜. As previously shown in the unipolar electrets, 

the charge density is the most essential parameter to determine the efficiency of mechanically 

driven antennas. Piezoelectric actuation can be used to generate such a torsional/rotational motion 

[81], where 𝑅𝑚 and 𝑅𝑟𝑎𝑑 can be calculated similar to the case of  linearly moving charges using 

(2.5-2.7). The only difference is that stiffness (𝐾) is defined as the ratio between the torsional 

stiffness and the thickness of the actuator. 



30 

 

 

Fig. 2.10. Measured decay of the measured surface charge density of a PZT FDE over time. 

Dipole electrets can be made of ferroelectric materials by utilizing the polarization hysteresis 

behavior. A ferroelectric material can have a remnant polarization if an electric field that exceeds 

the coercive field is applied to it for a specific amount of time and then removed. This process will 

result in the alignment of all randomly directed dipoles inside the material in the same direction as 

the applied electric field. The preparation of FDEs requires the application of a very high voltage 

in the direction of polarization which is one of the complications to implementing FDEs [82]. 

FDEs can theoretically possess a very high charge density (polarization) compared with unipolar 

electrets [83]. For example, PZT FDEs can reach up to 300 mC/m2 of remnant polarization [61] 

and LiNbO3 FDE can reach 700 mC/m2 [84], in comparison to 30 mC/m2 for unipolar electrets. 

Another advantage of FDEs, in addition to the much larger charge density, is the tight confinement 

of electrostatic fields arising from the fact that both positive and negative charges exist on the 

electret. Thus, in comparison with unipolar electrets, the dipole configuration results in less 

interference between the electrostatic field and the driving field for the same charge density.  

Unfortunately, the FDE concept is not yet well understood. Existing FDEs have charge densities 

much lower than the theoretically predicted values with very short retention time in the range of 
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1-30 hours depending on the FDE type [61], [85] as shown in Fig. 2.10 for a PZT FDE. The 

diminished charge density and retention is likely due to the natural tendency for systems to tend 

toward higher states of entropy. Since the confinement of charge results in a decrease in entropy, 

the natural response of the system is to increase entropy by mitigating the large electric field 

produced by the electret charge [86]. Although the exact reason for the diminished charge density 

and retention time is still under investigations, possible causes include the interaction of gas ions 

with the surface of the FDE resulting in the exchange of charge or the migration of charge within 

the FDE itself due to the large electric force and domain wall motion due to the defect dipole 

pinning [61]. 

 

Fig. 2.11. Relative efficiency of a torsionally actuated FDE antenna compared to ESA as a function of 

motional resistance with 𝑄 = 10,000 and 𝐶0𝑘𝑡
2 swept to account for various resonator materials and designs.  

As shown in Fig. 2.11, the peak efficiency attainable by FDE antennas surpasses unipolar mechanical 

antennas by orders of magnitude. However, due to the decay of charge density over time, and 

therefore the radiation that the FDE can generate, FDE antenna efficiencies can decrease by more 
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than 1000x over the course of a single day, as shown by Fig. 2.11 in conjunction with Fig. 2.10. 

Viability of FDE antennas, therefore, requires both improved charge retention as well daily, or even 

hourly, repolarization before use. However, enabling repolarization of the ferroelectric dipole would 

require additional packaging complexity and power consumption not related to radiation which 

could be prohibitive for applications where long operating lifetimes are required.   

 2.4 Antennas Based on Linearly Flipping Dipolar Charges 

 

Fig. 2.12. Alternating dipole mechanical antenna. (a) Conceptual diagram of the alternating dipole. Time-

varying stress induced by the driving signal results in a time-varying dipole moment which acts as an effective 

linear current element. (b) PZT disk resonating in the radial breathing mode to accomplish the mechanical 

antenna realization [87]. 

The charge density of electrets is an immense obstacle against accomplishing practical and 

efficient mechanically driven antennas. As previously discussed, implementing an electret with a 

meaningful charge density, whether it is unipolar or bipolar, is very challenging. Instead, the dipole 

movement can be attained by applying time-varying stress on a piezoelectric material. The 
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resulting deformation of the non-centrosymmetric crystal leads to a change in the magnitude of 

the internal polarization, generating a time-varying dipole moment. Although a high charge density 

is still required for an efficient mechanical antenna, this charge density exists only dynamically 

during the application of mechanical stress.  Otherwise, the material is neutral, which can be 

thought of as a dynamic electret. The concept of an alternating dipole resonator is depicted in Fig. 

2.12.  

Alternating dipoles inside a piezoelectric material avoids static electrets challenges. First, the 

radiation relies on the dynamic movement of bound charges inside the piezoelectric material, 

instead of unbounded static charges, therefore circumventing the retention time limitation. 

Moreover, there is no electrostatic field which mitigates the electric field interference problem. 

Second, the required dipole moment for an efficient mechanical antenna can be easily achieved by 

careful selection of the piezoelectric material and its dimensions. Using the piezoelectric 

constitutive equations, which will be discussed in depth in Chapter 3, the charge density resulting 

from an applied stress field on the surface of a piezoelectric material can be expressed as [55]:  

𝜎 = 𝑑𝑇 = 𝑑𝐶𝐸𝑆 (2.14) 

where 𝑑 is the piezoelectric coupling matrix for the strain-charge formulation, 𝑇 is the applied 

stress, 𝐶𝐸  is the stiffness at constant electric field and 𝑆 is the resulting strain. 𝑅𝑚 and 𝜂2 for 

alternating dipoles can be calculated from Equations (2.5) and (2.7), respectively. The radiation 

damping coefficient 𝐶𝑟𝑎𝑑 can be expressed as follows: 

𝐶𝑟𝑎𝑑 = 80𝜋2 (
2𝑑𝑖𝑗𝐶𝑗𝑗

𝐸𝐴

𝜆
)

2

(2.15) 

where 𝑑𝑖𝑗 is the piezoelectric coupling coefficient in the strain-charge form with the stress applied 

in the 𝑗-direction and the dipole is in the 𝑖-direction, and 𝐶𝑗𝑗
𝐸  is the mechanical stiffness at a constant 

electric field. Combining (2.5), (2.7), and (2.15) the radiation efficiency of a PADA can be written 

[55]: 

𝜉𝑟𝑎𝑑
𝐴𝐷𝑀𝐼𝑅𝐸 =

𝑃𝑟𝑎𝑑
𝑃𝑑𝑒𝑙

=
𝑃𝑟𝑎𝑑

𝑃𝑟𝑎𝑑 + 𝑃𝑑𝑎𝑚𝑝
=

𝐶𝑟𝑎𝑑
𝐶𝑟𝑎𝑑 + 𝐶𝑚

≈
16𝑇𝜂0𝑑

2𝐶𝐸𝐴𝜔𝑄

3𝜋𝜆2
∝ 𝑑2𝐶𝐸𝑉𝑄𝜔3 (2.16) 

where 
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𝐶𝑚 =
𝜋2

2𝑇
𝐶𝐸𝐴 (2.17) 

is the motional damping and V is the volume of the antenna. The relative efficiency of an 8 cm 

diameter, 1 cm thick PADA compared to an 8.1 cm dipole antenna is shown in Fig. 2.14. Similarly 

to the other mechanical antennas, when 𝑅𝑚 < 𝑅𝑠, relative efficiency is dominated by 𝐶𝑜𝑘𝑡
2, while 

for 𝑅𝑚 > 𝑅𝑠 relative efficiency scales with 𝑄 as shown in Fig. 2.14a. The relative efficiencies for 

various common piezoelectric materials are given in Fig. 2.14b as a function of 𝑄 and 𝑑𝑖𝑗. Since 

generally 𝑓 ∝ 1/(2𝐿) × √𝐶/𝜌 where 𝐿 is the dimension of the resonator along the axis of vibration 

and 𝜌 is the material density, changes in material stiffness or density will result in a frequency change 

if dimensions are held constant. However, from (2.16) it can be seen that 𝑅𝑟𝑎𝑑 ∝ 𝑓2 for both the 

flipping piezoelectric and infinitesimal electric dipoles. Similarly, both  𝑅𝑚,  𝑅𝑚𝑎𝑡𝑐ℎ ∝ 𝑓. Therefore, 

the ratio of the two efficiencies is constant with respect to frequency as long as 𝐿 ≪ 𝜆 and physical 

dimensions are constant. A general range of the relative efficiencies for various materials is plotted 

as a function of 𝐶, 𝑄, 𝑑, 𝐶0, 𝑘𝑡
2 and 𝜀 to account for a range of resonator materials and designs. It is 

further assumed that 𝑅𝑚 is kept constant at 𝑅𝑠 = 50 Ω such that 𝐶0𝑘𝑡
2  is scaled with 𝑄. 

 

Fig. 2.13. Design space for PADAs. (a) Relative efficiency of a piezoelectric flipping dipole antenna similar 

to the one reported in [87] relative to a similarly sized ESA with length 𝐿 = 8.1 cm as a function of the radiation 

resistance with 𝑑 = 100 pC/N and 𝐶𝑜𝑘𝑡
2 varied to simulate a variety of resonator materials and designs. (b) 

Relative efficiency of a piezoelectric flipping dipole antenna as a function of 𝑄 and 𝑑. Parameters such as 

𝐶𝑜, 𝑘𝑡
2 and 𝐶𝑗𝑗

𝐸  varied to account for a range of designs in different materials. 
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Unlike the other types of mechanical antenna that rely on large 𝑄 to surpass the efficiency of an 

infinitesimal dipole, the large coupling coefficients of piezoelectric materials such as lead zirconate 

titanate (PZT) [88] and lead magnesium niobate-lead titanate (PMN-PT) [89] with antenna 𝑄 less 

than 1000 can result in efficiencies more than one million times greater than a comparably sized 

dipole. Such low-quality factors are many orders of magnitude lower than the Chu limit for electrical 

antennas and can potentially enable much larger bandwidths and faster data rates. Since the fields 

generated by the alternating dipoles are generally confined in the large permittivity piezoelectric 

material, breakdown and feedback concerns are negligible compared to the other mechanical antenna 

methods. 

A summary of the key parameters, including their relative advantages and drawbacks as well as 

anticipated efficiency limits relative to ESAs is presented in Table 2.2. Reaching, and ultimately 

surpassing the anticipated limits will require breakthroughs in electret material research in order 

to maximize the achievable charge density. Acoustic antennas implemented using a unipolar 

charge are fundamentally limited by the large electrostatic fields produced by the unipolar charge 

which electric-field breakdown at much lower charge densities than dipole alternatives. For 

piezoelectrically actuated linear movement of unipolar charge, the breakdown limit, and thus 

achievable charge density can be increased packaging the resonator in an insulating gas 

environment such as SF6. However, while packaging with insulating gases at higher than 

atmospheric pressures can increase the achievable charge density, the higher pressure increases 

Table 2.2. Comparison of Acoustic Antenna Approaches 

Acoustic Implementation Key Parameters Advantages Drawbacks Anticipated 𝝃𝒕𝒐𝒕
 𝒆𝒍 

Piezoelectric Unipolar 𝜎, 𝑄, 𝐴/𝑉 𝑄 Scaling 

Feedback, 

Breakdown, Low 

Fill Factor 

> 100 

Capacitive Unipolar 𝜎, 𝑄, 𝑔 
High fill Factor, 

Negligible Feedback 

Gap Tradeoff 

Between 𝜎 and 𝑅𝑚 
> 10 

Piezoelectric FDE 𝜎, 𝜏, 𝐴/𝑉 𝑄 Scaling, Large 𝜎 
FDE 𝜎 Decays 

Rapidly 
> 10 

Piezoelectric Alternating 

Dipole 
𝑑, 𝑄 

High Fill Factor, 

Large Charge 

Density, No Charge 

Decay 

Intrinsic Tradeoff 

Between   

𝑑 and 𝑄 

> 106 
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resonator damping and results in diminished quality factor. Similarly, for capacitive actuation the 

charge density can be increased by decreasing the gap between the electret and grounds to a few 

microns; however, the small gap limits the maximum displacement of the charge and thus radiation 

power. Due to the fundamental tradeoffs necessary to increase the charge density, there is limited 

room for further enhancement of unipolar acoustic antennas compared to dipole-based acoustic 

antennas. Ferroelectric dipole electrets sustain much greater charge densities without experiencing 

breakdown due to better confinement of the electrostatic field between the opposite polarity 

charges. However, the large charge densities are susceptible to charge neutralization over time 

which limits the long-term charge density of FDEs and thus their radiation efficiency to orders of 

magnitude below the theoretical limit. For acoustic antennas based on torsionally driven FDEs to 

become viable, methods for repeatedly polling the FDE must be implemented. Piezoelectric 

alternating dipole antennas (PADAs) provide the most promise for further surpassing the SoA of 

VLF antennas. The time-varying dipoles inside of the piezoelectric provide confinement of large 

reactive field generated by the flipping dipole, enabling charge densities similar to FDEs. 

However, due to the alternating nature of the dipoles, the neutralizing charge does not build up on 

the surface of the antenna, allowing long-term use without a degradation of performance. 

Therefore, PADAs offer the most potential for portable, low-frequency applications and have been 

demonstrated to surpass equivalent ESA efficiency by more than three orders of magnitude. Orders 

of magnitude further enhancement of PADAs are projected with further material and resonator 

optimization. Materials with a large 𝑑𝑖𝑗
2 𝑄 product such as LiNbO3 (high 𝑄, moderate 𝑑𝑖𝑗) and 

PMN-PT (moderate 𝑄, high 𝑑𝑖𝑗) offer the potential for high radiation efficiency. In general, for 

materials exhibiting the same 𝑑𝑖𝑗
2𝑄 product, the material exhibiting the lower 𝑄 is preferred due to 

its larger bandwidth for faster data rates and simpler frequency synchronization for implementation 

of arrays driven in parallel. In particular, relaxor-type ferroelectrics such as PMN-PT with high 

coupling coefficients (𝑑𝑖𝑗 > 1000) and moderate quality factors (𝑄 < 1000) exhibit great 

potential as high efficiency and low-frequency transmitters. The following chapters in this thesis 

will investigate in depth the theory, design, and characterization of PADAs to demonstrate their 

practical potential as VLF and LF transmitters. 
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Chapter 3: Piezoelectric Alternating Dipole Transmitters 

3.1 Fundamentals of Piezoelectric Resonators 

Piezoelectric materials are materials that transduce energy between the electrical and mechanical 

domains via the direct and indirect piezoelectric effect. Mechanical energy is converted into 

electrical energy through the direct piezoelectric effect when a mechanical force on the 

piezoelectric material leads to the redistribution of internal charges. The opposite energy 

conversion occurs through the indirect piezoelectric effect when an applied electric field acting on 

the internal charges results in mechanical strain. For materials to exhibit piezoelectricity, they must 

exhibit asymmetrical lattice structures as shown in Fig. 3.1, such that redistribution of the lattice 

results in a change in the polarization of the internal charges. 

 

Fig 3.1. (a) The relationship between lattice symmetry and piezoelectricity. (b) Standard piezoelectric axes 

with the 3-axis in the direction material polarization by convention. 

The asymmetry in piezoelectric materials results in differing electromechanical responses 

depending on how external electric or mechanical forces are applied relative to the lattice. The 

orientation of the piezoelectric lattice is determined during manufacture by the application of a DC 

“poling” field which orients the lattice in a specific direction. By convention, the axis along which 

the material is poled is numbered 3, and the orthogonal axes 1 and 2 as shown in Fig. 3.1b along 

with the shear directions around the principle axes. 
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Piezoelectric materials operating at low levels of mechanical stress and under small electric fields 

exhibit linear behavior. As the devices described in this manuscript exhibit linear piezoelectric 

behavior, subsequent discuss of piezoelectric properties will only consider the linear regime. The 

decoupled direct and indirect linear piezoelectric effects are described in (3.1) and (3.2) 

respectively 

𝑃𝑝𝑧𝑒 = 𝑑𝑇𝑒𝑥𝑡 = 𝑑𝑐𝑆𝑒𝑥𝑡 = 𝑒𝑆𝑒𝑥𝑡 (3.1) 

𝑇𝑝𝑧𝑒 = 𝑐𝑆𝑝𝑧𝑒 = 𝑐𝑑𝐸𝑒𝑥𝑡 = 𝑒𝐸𝑒𝑥𝑡 (3.2) 

where all terms and material properties along with their units are provided for reference in 

Table 3.1. The subscript “pze” denotes a term generated through the direct/indirect piezoelectric 

effect, while the “ext” subscript denotes externally applied terms. Cross-coupling of the direct and 

indirect piezoelectric effects is described by the constitutive relations given in (3.3) and (3.4) which 

couple mechanical stress and strain with electric field and displacement. The coupled equations 

can be expressed in multiple ways, with two of the most common being the strain-charge form: 

𝑆𝑖 = 𝑠𝑖𝑗
𝐸𝑇𝑗 + 𝑑𝑖𝑘𝐸𝑘 (3.3) 

𝐷𝑖 = 𝑑𝑖𝑗𝑇𝑗 + 𝜀𝑖𝑘
𝑇 𝐸𝑘 (3.4) 

and the stress-charge form: 

𝑇𝑖 = 𝑐𝑖𝑗
𝐸𝑆𝑗 − 𝑒𝑖𝑘

𝑡 𝐸𝑘 (3.5) 

𝐷𝑖 = 𝑒𝑖𝑗𝑆𝑗 + 𝜀𝑖𝑘
𝑠 𝐸𝑘 (3.6) 

Table 3.1. Piezoelectric Parameters 

Parameter Symbol Material Parameter Symbol 

Strain [m/m] S Elastic compliance [m2/N] s 

Stress [N/m2] T Elastic stiffness [N/m2] c 

Polarization [C/m2] P Permittivity [F/m] ε 

Electric field [V/m] E Piezoelectric strain constant [C/N] d 

Electric displacement [C/m2] D Piezoelectric stress constant [C/m2] e 
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The subscripts denote the direction or pair of directions as defined in Fig. 3.1b and the superscripts 

E and T denote whether the quantity is defined under constant electric field or stress respectively 

while the superscript t denotes the matrix transpose. Both sets of equations are fully coupled, and 

therefore the displacement field D given in (3.4) and (3.6) is the same. Since both sets of equations 

can fully model the behavior of the piezoelectric material provided the appropriate material 

properties are known, the discussion will be primarily limited to the strain-charge equations for 

brevity. Equations (3.3) and (3.4) can be expanded into matrix form as: 

[
 
 
 
 
 
𝑆1
𝑆2
𝑆3
𝑆4
𝑆5
𝑆6]
 
 
 
 
 

=

[
 
 
 
 
 
 
𝑠11
𝐸 𝑠12

𝐸 𝑠13
𝐸

𝑠21
𝐸 𝑠22

𝐸 𝑠23
𝐸

𝑠31
𝐸 𝑠32

𝐸 𝑠33
𝐸

𝑠14
𝐸 𝑠15

𝐸 𝑠16
𝐸

𝑠24
𝐸 𝑠25

𝐸 𝑠26
𝐸

𝑠34
𝐸 𝑠35

𝐸 𝑠36
𝐸

𝑠41
𝐸 𝑠42

𝐸 𝑠43
𝐸

𝑠51
𝐸 𝑠52

𝐸 𝑠53
𝐸

𝑠61
𝐸 𝑠62

𝐸 𝑠63
𝐸

𝑠44
𝐸 𝑠45

𝐸 𝑠46
𝐸

𝑠54
𝐸 𝑠55

𝐸 𝑠56
𝐸

𝑠64
𝐸 𝑠65

𝐸 𝑠66
𝐸 ]
 
 
 
 
 
 

[
 
 
 
 
 
𝑇1
𝑇2
𝑇3
𝑇4
𝑇5
𝑇6]
 
 
 
 
 

+

[
 
 
 
 
 
𝑑11 𝑑12 𝑑13
𝑑21 𝑑22 𝑑23

𝑑31 𝑑32 𝑑33

𝑑41 𝑑42 𝑑43

𝑑51 𝑑52 𝑑53

𝑑61 𝑑62 𝑑63]
 
 
 
 
 

[
𝐸1
𝐸2
𝐸3

] (3.7) 

[
𝐷1

𝐷2

𝐷3

] = [

𝑑11 𝑑12 𝑑13
𝑑21 𝑑22 𝑑23

𝑑31 𝑑32 𝑑33

𝑑14 𝑑15 𝑑16
𝑑24 𝑑25 𝑑26

𝑑34 𝑑35 𝑑36

]

[
 
 
 
 
 
𝑇1
𝑇2
𝑇3
𝑇4
𝑇5
𝑇6]
 
 
 
 
 

+ [

𝜀11
𝑇 𝜀12

𝑇 𝜀13
𝑇

𝜀21
𝑇 𝜀22

𝑇 𝜀23
𝑇

𝜀31
𝑇 𝜀32

𝑇 𝜀33
𝑇

] [
𝐸1
𝐸2
𝐸3

] (3.8) 

3.1.1 MEMS Resonators 

In addition to the constitutive equations, another key characteristic of piezoelectric materials is the 

piezoelectric coupling factor K2 which characterizes how well energy is converted between the 

electrical and mechanical domains for a given set of electrical and mechanical boundary 

conditions. 

𝐾2 =
Converted Electrical Energy

Input Mechanical Energy
=

Converted Mechanical Energy

Input Electrical Energy
(3.9) 

For a thin, piezoelectric disk operating in a dilatational mode such as the one shown in Fig. 2.12 

the coupling is defined as: 



40 

 

𝐾2 =
(𝑒31

𝑝 )
2

𝑐11
𝑝 𝜀33

𝑝 (3.10) 

where  

𝑒31
𝑝 =

𝑑31

𝑠11
𝐸 + 𝑠12

𝐸 (3.11) 

𝑐11
𝑝 =

𝑠11
𝐸

(𝑠11
𝐸 )2 − (𝑠12

𝐸 )2
(3.12) 

𝜀33
𝑝 =

−2𝑑31
2

𝑠11
𝐸 + 𝑠12

𝐸 + 𝜀33
𝑇 (3.13) 

K2 represents the maximum transduction efficiency for a piezoelectric material and a set of 

boundary conditions.  

 

Fig. 3.2. Modified Butterworth-Van Dyke model of piezoelectric resonator. 

The equivalent electrical circuit model of the piezoelectric resonator is shown by the modified 

Butterworth-Van Dyke (MBVD) model in Fig. 3.2 and consists of a motional branch representing 

the mechanical variables in the resonator in parallel with a static branch representing the electrical 

variables [90]. The static branch consists of the static capacitance of the resonator (C0) and the 

dielectric substrate loss (Ro), while Rs represents the series resistance due to the resonator 

electrodes. The motional branch consists of a motional resistance (Rm), motional capacitance (Cm) 
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and motional inductance (Lm) which are analogous to the mechanical damping, compliance and 

mass coefficients and are defined as: 

𝑅𝑚 =
𝜋2

8𝑄𝜔0
2𝐶0𝑘𝑡

2 (3.14) 

𝐶𝑚 =
8

𝜋2
𝐶0𝑘𝑡

2 (3.15) 

𝐿𝑚 =
𝜋2

8𝜔0
2𝐶0𝑘𝑡

2 (3.16) 

where 𝜔0 is the angular resonant frequency. 𝑘𝑡
2 is a design dependent, effective electromechanical 

coupling factor defined as: 

𝑘𝑡
2 =

𝜋2

8
(
𝑓𝑠
2

𝑓𝑝2
− 1) (3.17) 

where fs is the series resonant frequency of the motional branch and fp is the resonant frequency of 

the two parallel branches. The motional branch describes the motion in a single resonant mode. If 

other spurious resonant modes exist within the frequency band of interest, they can be modeled as 

a parallel branch of motional parameters. 

3.2 Fundamentals of Piezoelectric Alternating Dipole Antennas 

The efficiency of PADAs discussed in Section 2.4 provides a theoretical discussion of how time-

varying mechanical strain in piezoelectric can be leveraged to produce electromagnetic radiation 

and the material properties that can lead to increased efficiency. The theoretical efficiency limit is 

based on the assumption that all energy dissipation in a piezoelectric material can be associated 

either with radiation losses or mechanical losses and that therefore the efficiency with which the 

piezoelectric resonator radiates is the ratio of the energy lost through radiation to the total energy 

lost. This assumption only holds true for a resonating piezoelectric in the presence of no external 

field, such that any dipole moment generated by time-varying strain contributes to radiation. 

However, in order to excite the piezoelectric into resonance, either an external mechanical force 
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or electric field is necessary. An external mechanical force will not interfere with the radiation 

from the generated alternating dipoles, however, to generate that force, additional volume is 

needed for the external actuator, reducing the amount of volume devoted to radiation. 

Alternatively, thin electrodes can generate an electric field to excite the piezoelectric field into 

resonance without significantly changing the size of the antenna. However, the electrodes generate 

a displacement current which partially cancels the radiating piezoelectric current, resulting in 

diminished efficiency compared to (2.15). In order to maximize the radiation efficiency of a 

PADA, the maximum radiating current must be excited within the piezoelectric. 

3.2.1 PADA Current Elements 

Piezoelectric alternating dipole transmitters rely on the piezoelectric effect to generate a time-

varying dipole moment that radiates like a current element. To understand the generated dipole 

moment, it is instructive to first consider the simplified case of a uniform piezoelectric material 

covered with electrodes on the top and bottom surface. Without loss of generality, a current 

directed in the z-direction (along the 3-axis) is considered. Currents directed along other directions 

can be excited by choosing the appropriate piezoelectric geometry and boundary conditions. A DC 

bias applied to the electrodes results in a static uniform electric field aligned vertically in the z-

direction with no fringing components. As with any dielectric material, the applied electric field 

results in an electric displacement between the electrodes: 

𝐷𝑧 = 𝜀𝐸𝑧 = 𝜀0𝐸𝑧 + 𝑃𝑧
𝑑𝑖𝑒 (3.18) 

where 𝜀 is the permittivity of the piezoelectric material and 𝑃𝑧
𝑑𝑖𝑒 is the dielectric polarization 

caused by the redistribution of bound charges due to the electric field. Free charge builds up on 

the electrode which can be broken into two components: 𝜎0, the charge density required to achieve 

the bias voltage in the absence of dielectric polarization (i.e. vacuum), and 𝜎𝑑𝑖𝑒, the charge density 

required to neutralize the induced polarization inside of the dielectric. When the dielectric material 

is also piezoelectric, there is an additional polarization term due to the inverse piezoelectric effect. 

From (3.2) the external electric field results in stress (either tensile or compressive depending on 

the sign of the piezoelectric coefficient 𝑑) which in turn results in a piezoelectric polarization as 

shown in (3.4). Note that when defining the piezoelectric polarization using (3.4) that the 

polarization is due the stress both from the external electric field, as well as the stress generated 
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by the internal electric field caused by the redistribution of charges inside the piezoelectric due to 

the changing strain as shown in (3.5). The piezoelectric polarization results in a third component 

of free charge 𝜎𝑝𝑧𝑒 on the electrode in order to maintain the applied potential. Figure 3.3 depicts 

the internal polarization and corresponding surface charges for a biased piezoelectric with no 

fringing fields. Both the dielectric and piezoelectric polarizations inside the piezoelectric are in the 

same direction as the applied electric field. Alignment of the polarization and the external electric 

field is maintained regardless of piezoelectric polarization, as the internal charges will always 

move toward a lower potential. The direction of the polarization is shown in (3.1), since reversing 

the poling of a material reverses the sign of the coupling matrix d, and thus also the sign of the 

stress if the electric field is constant as shown in (3.2). Adjacent charges of opposite polarity will 

cancel, such that the effective surface charge on the electrodes is determined only by 𝜎0 as shown 

in Fig. 3.2b.  

 

Fig. 3.3. Currents inside fully piezoelectric material with electrodes completely covering the top and bottom 

surface. (a) All generated charge components. (b) Net charge and fields after the cancellation of opposing 

charges. 

If a time-varying voltage is applied to the electrodes, a displacement current will be formed 

between the electrodes, where the displacement current density is 𝐽𝑧 = 𝑑𝐷𝑧/𝑑𝑡. Therefore, 

regardless of the permittivity or coupling coefficient of the piezoelectric, the effective current 

inside the piezoelectric will be approximately equal to the input current 
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(𝐼𝑖𝑛 ≈  ∫ 𝐽𝑧 𝑑𝐴𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑎𝑟𝑒𝑎
) assuming the amount of fringing field is small. While the 

displacement current will contribute to radiation, it is diminished due to the neutralizing charges 

and results in decreased efficiency. In order to avoid cancelation of the strain-induced piezoelectric 

polarization, the size of the electrode may be diminished such that only a portion of the 

piezoelectric surface is covered as shown in Fig. 3.4. Under the assumption that the external 

electric field from the applied voltage is confined purely between the electrodes, then the portion 

of the piezoelectric covered by electrodes still experiences charge neutralization. However, in the 

regions with no electrode, there is no free charge on the surface to neutralize the piezoelectric 

polarization which results in an effective piezoelectric charge density on the surface as shown in 

Fig. 3.4b. In the regions where the fringing fields are small, the electric displacement field is 

negligible and 𝑑𝑖𝑗𝑇𝑗 ≈ 𝜀𝑖𝑘
𝑇 𝐸𝑘. 

 

Fig. 3.4. Charge generation in a piezoelectric material partially covered by electrodes if there is no fringing 

component of the external electric field outside of the area covered by electrodes. (a) All generated charge 

components. (b) Net charge and fields after the cancellation of opposing charges. 

Depending on the geometry of piezoelectric material and the electrodes, it is not necessarily 

reasonable to assume that fringing fields are negligible as is done in Fig. 3.4. If the fringing fields 

are significant, in addition to the cancellation of the piezoelectric charge in the area between the 

electrodes, there may also be some cancellation area close to the electrode as shown in Fig. 3.5. 

The semi-transparent electrodes and charges represent the fringing field, which behaves serves to 

effectively increase the area of the electrode. Although the free charge density 𝜎0 does not change, 

the fringing fields cause an increase in both the piezoelectric and dielectric polarization and a 

corresponding increase in free charge which neutralize those. Consequently, only a portion of 
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exposed piezoelectric material contributes to the piezoelectric charge density. Therefore, in 

general, increasing the volume of the piezoelectric through which negligible fringing fields pass 

results in an increase in radiation efficiency. 

 

Fig. 3.5. Charge generation in a piezoelectric material partially covered by electrodes if there is some fringing 

component of the external electric field outside of the area covered by electrodes. (a) All generated charge 

components. (b) Net charge and fields after the cancellation of opposing charges. 

In order to turn the effective piezoelectric charge density into a radiating current, a time-varying 

electric field is applied to the electrodes, resulting in a time-varying stress field in the piezoelectric. 

If the boundary conditions of the piezoelectric material are mechanically free to move, then the 

applied stress results in a time-varying strain as shown in (3.3). The time-varying strain results in 

an effective current as the piezoelectric dipoles in the unexposed region alternate back and forth. 

Near the resonant frequency, the Q of the resonators results in the amplification of the mechanical 

and electrical energy. The increased energy results in greater time-varying stress and thus flipping 

dipole moment from (3.5). The relation between time-varying strain and the generated 

piezoelectric polarization in the 3-direction is shown in Fig. 3.6 for a resonator operating in its 

fundamental extensional mode. In the fundamental extensional mode, the stress in a single 

direction is unidirectional at a single instance of time, resulting in a unidirectional piezoelectric 

dipole moment. Therefore, all the piezoelectric dipoles are aligned and add constructively. If the 

piezoelectric is driven in a higher-order mode, such as shown in Fig. 3.7, then the stress 

components in the 3-direction are no longer unidirectional, as a portion of the piezoelectric 

experiences compressive stress, while another portion experiences tensile stress. Consequently, 

the induced piezoelectric dipoles are oriented in opposite directions in the regions with opposite 
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stresses, resulting in the partial cancelation of the piezoelectric polarization and thus the radiating 

piezoelectric current. Due to the internal cancelation of higher-order modes, resonators operating 

in the fundamental mode generally yield the greatest efficiency. 

 

Fig. 3.6. Conceptual illustration of the piezoelectric transduction between mechanical (stress) energy and 

electrical (potential) energy. 

 

Fig. 3.7. Dipole moment cancelation in higher-order modes. 

While the stress in Figs. 3.6 and 3.7 has been considered to be one-dimensional for simplicity, in 

reality, the stress in all directions contributes to the polarization. From (3.5), the piezoelectric 

polarization can be expanded as 𝑃3
𝑝𝑧𝑒 = ∑𝑑𝑖𝑗𝑇𝑗  , where the polarization in the 3-direction is due 

to the stress in the 1, 2, and 3 directions. For a resonator in the fundamental extensional mode (3-

Stress

Polarization
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direction), as the piezoelectric expands in the 3-direction due to tensile strain, the material will 

also contract in the transverse direction along the 1, 2 axes as defined by the Poisson ratio, resulting 

in compressive (negative) stress. In general, 𝑑31, 𝑑32, have the opposite sign as 𝑑33 and therefore 

𝑑31𝑇1 + 𝑑32𝑇2 + 𝑑33𝑇3 will add constructively, while the shear stress components are negligible 

in magnitude and can be neglected. The current in the z-direction can then be written as: 

𝐼𝑧 = 𝜔𝐴𝑃𝑧 = 𝜔𝐴𝑑𝑐𝐸𝑆 (3.19) 

where A is the unmetallized surface area of the resonator as shown in Fig. 3.5, and Pz is the total 

piezoelectric polarization in the z-direction. Then the far-field magnetic field generated by this 

strain induced current is formulated as [46]: 

|𝐵𝑓𝑎𝑟| =
𝑃𝐴

4𝜋𝜀𝑜

𝐿𝜔2

𝑐3𝑅
(3.20) 

where 𝐿 is the dipole moment length, 𝜀𝑜 is the permittivity of the free space, and 𝑐 is the speed of 

light. The corresponding far-field electric field is defined as |𝐸𝑓𝑎𝑟| = 𝑐|𝐵𝑓𝑎𝑟|. The field generated 

in (3.18) is identical to the radiation from an ideal dipole with current 𝐼 = 𝑗𝜔𝑃𝐴, and thus it is 

reasonable to treat the radiation from the piezoelectric current in (3.19) similarly to the radiation 

from an ideal dipole with an equivalent current. In addition to the currents in the z-direction. there 

is also a radial component to the displacement current as shown in Fig. 3.8 due to the fringing 

fields. Due to symmetry in the piezoelectric resonator around the z-axis, an axisymmetric 

simulation is used to reduce simulation time. The radial currents are in opposite directions on the 

top and bottom surfaces of the piezoelectric, and therefore cancel each other out such the currents 

generated by a fundamental thickness extensional or dilatational mode rod are purely in the z-

direction. 
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Fig. 3.8. Radial currents within a disk or rod resonator. (a) The voltage generated by the piezoelectric 

polarization in the portion of the piezoelectric with no electrodes. The voltage between the electrodes is 

defined solely by the voltage applied to the electrodes, while the voltage on the exposed portion of the 

piezoelectric is greatest far from the electrodes where the fringing fields are smallest. (b) The radial current in 

the piezoelectric. The arrows denote the direction of the current while the color bar gives the magnitude. 

3.2.2 PADA Field Confinement 

In addition to the currents inside the PADA, the behavior of electric fields in and around a PADA 

is very important for efficient operation. As discussed in Chapter 2, piezoelectric materials with 

large permittivity confine the reactive near-fields generated by both the applied external field and 

the field-induced internal dipole generation inside the piezoelectric. As the bound charge densities 

on the top and bottom surfaces of a PADA are flipped to induce the dipole current for radiation, 

an electric field 𝐸𝑒𝑥𝑡 is produced outside of the piezoelectric. This electric field is inversely 

proportional to the relative permittivity 𝜀𝑟 is the relative permittivity of the piezoelectric material: 

𝐸𝑒𝑥𝑡 ∝
𝑃

𝜀𝑟𝜀𝑜
(3.21) 

The radiated field strength for an antenna is determined by the maximum achievable current on 

the antenna and its distribution. In the case of PADAs, where the current is determined by the 

polarization, the maximum current limit is determined by the charge density that results in electric 

near-fields just below the breakdown limit of the surrounding environment. 

𝐸𝑏𝑟𝑒𝑎𝑘𝑑𝑜𝑤𝑛 ∝
𝑃𝑚𝑎𝑥

𝜀𝑟𝜀𝑜
(3.22) 
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Therefore, the maximum radiated field strength is directly proportional to the relative permittivity 

of PADA. Higher permittivity materials result in better confinement of the fringing electric near-

field generated by the induced polarization. Figure 3.9a compares a few commonly used 

piezoelectric materials with different values of relative permittivity. The same charge density of 1 

mC/m2 is assumed on the top and bottom surfaces while the generated electric field and the 

corresponding surface potential are calculated for a piezoelectric material with a thickness of 1 

cm. Figure 3.9b shows a piezoelectric material at resonance surrounded by air and its 

corresponding voltage distribution, where the fringing electric field is represented by the black 

arrows. 

In addition to enabling greater piezoelectric far-field radiation, confinement of the near-fields 

inside the high permittivity material reduces the near-field regime of PADAs compared to metal 

ESAs. As discussed in Chapter 1, the cross-over point for an electrical antenna in air occurs at a 

distance 𝜆/2𝜋 and is the point where the radiating electromagnetic fields generated by the 

accelerating charges become larger in magnitude than the near-fields caused by the reactive fields. 

The relative cross-over distances for PADAs comprised of three different permittivity materials 

are shown in Fig. 3.10b.  The fields are simulated using the same setup described in Fig. 3.9b. 

Since the magnitude of the near-field components of an antenna is due to time-varying electrostatic 

fields, the magnitude of the near-fields of different permittivity antennas can be extrapolated as 

 

Fig. 3.9. Comparison of electrical polarization response for different piezoelectric materials. All materials 

are assumed to have a charge density of ±1 mC/m2 on the top and bottom surfaces with a thickness 

(distance between surfaces) of 1 cm. (a) The electric field and the corresponding surface voltage versus 

the piezoelectric material relative permittivity. The top gray region is the air breakdown region where the 

electric field exceeds 3 MV/m. (b) The voltage distribution due to the electric polarization and the electric 

field direction represented by the black arrows. 
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shown in the figure below. Thus, as the permittivity increases, the reactive field is better confined 

within the high permittivity material as shown in Fig. 3.10a. This makes sense when considered 

from the standpoint of Gauss’s law, which tells us that since the total charge in each case is 

constant, the electric flux generated by that charge is constant too. As permittivity, and thus 

capacitance increases, the amount of energy stored inside the dielectric capacitor increases, and 

thus the energy (magnitude of the fields outside the piezoelectric antenna) must decrease by a 

corresponding amount.  

 

While the radiated fields corresponding to these near-fields cannot be simulated simultaneously, 

the radiation is due to the acceleration of the charges in the piezoelectric and such radiation of 

accelerating charge has been extensively described in the literature. The radiated power from any 

accelerating charge (including those in a dielectric) is given by Larmor’s formula and is a function 

of the rate of acceleration. It should be noted that moving charges in dielectrics can also radiate 

due to moving faster than light in the material (Cherenkov radiation) or from transitioning between 

two dielectric medium, however, neither of these occurs in the PADA antenna and thus radiated 

power can be determined solely from Larmor’s formula. Therefore, while the total reactive and 

radiated energy is maintained assuming the charge distribution is constant, the ratio of the reactive 

 

Fig. 3.10. Redefinition of traditional near- and far-field regimes. (a) Confinement of the reactive fields in 

high permittivity materials due to the alignment of internal dipoles results in a smaller near-field 

magnitude and thus shorter cross-over distance since the radiated far-field is independent of antenna 

permittivity. (b) Simulated cross-over distance for a PADA antenna comprised of three different 

permittivity materials (εr = 1 case approximates an equivalent infinitesimal dipole). 
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to radiated fields antenna decreases with increasing permittivity since a larger amount of the 

reactive field is stored inside the piezoelectric. 

The distance at which the cross-over occurs is dependent on both the permittivity of the PADA as 

well as its geometry. In general, decreasing the aspect ratio of the antenna or increasing the 

permittivity of the PADA results in greater confinement of the near-field energy inside of the 

piezoelectric, and therefore a closer cross-over point. The cross-over point for a rod-shaped PADA 

as a function of permittivity and aspect ratio is simulated in Fig. 3.11. The PADA consists of a 

piezoelectric rod with a 1 cm radius covered by an electrode of a radius of 1.5 mm is shown in Fig. 

3.11a. The cross-over reduction of the PADA for different values of permittivity and thickness is 

shown in Fig. 3.11b under the assumption that the antenna radiates at 70 kHz. While the 

permittivity of the piezoelectric is the largest contributor to field confinement inside the PADA, 

the geometry of the PADA can also cause the cross-over distance to change by a factor of more 

than 4.  

 

 

 

Fig. 3.11. Redefinition of traditional near- and far-field regimes. (a) Confinement of the reactive fields in 

high permittivity materials due to the alignment of internal dipoles results in a smaller near-field 

magnitude and thus shorter cross-over distance since the radiated far-field is independent of antenna 

permittivity. (b) Simulated cross-over distance for a PADA antenna comprised of three different 

permittivity materials (εr = 1 case approximates an equivalent infinitesimal dipole). 
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3.3 PADA Material Considerations 

3.3.1 High Efficiency FoM 

Since a high matching efficiency is easily obtainable for most piezoelectric antennas through 

geometric design choices, material choices are primarily focused on improving radiation efficiency 

as governed by (2.15).  For fundamental resonant antennas, the dimensions, and thus volume, are 

set by the operating frequency and acoustic phase velocity. Additional volume scaling can be done 

by driving multiple PADAs simultaneously, and thus resonator volume is generally independent 

of material choice as it can be arbitrarily increased regardless of design. Therefore, high radiation 

efficiency materials are determined by their 𝑑2𝐶𝐸𝑄 product and a new FoM is introduced to enable 

higher maximum radiation. 

𝐹𝑜𝑀 = 𝑑2𝐶𝐸𝜀𝑟𝑄 (3.23) 

Table 3.2 provides a list of the FoM for several common piezoelectric materials [77], [91]. It 

should be noted that the FoM reported in Table 3.2 are general for the materials and change based 

material orientation and resonator design. Due to the limited reports of piezoelectric antennas at 

the time of writing [48], the recorded FoMs do not represent a true state of the art for the field of 

piezoelectric antennas but rather an approximation based on sampling reported parameters for 

common piezoelectric materials. 

 

Table 3.2 Piezoelectric Material FoM 

Material Q ce [GPa] d [10-12 C/N] 𝜺  FoM 

Quartz [76] > 106 ~100 1−2 4 ~10-6 

AlN [63] > 5000 ~400 1−5 10 ~5×10-6 

LN [48] > 105 ~200 6−70 30 2×10-6−3×10-4 

PZT [131] > 2000 ~200 100−400 600-1000 0.004−0.06 

PMN-PT [89] < 100 ~100 1500−4000 800-1500 0.03−1 

PMN-PZT [110] 100 c33 = 107 d33 = 1530 4850 0.12 

PMN-PZT-Mn [110] 1050 c33 = 120 d33 = 1140 3410 0.55 

  c11 = 152 d31 = -108  0.004 

PIC-181 PZT [131] 2200 c33 = 134 d33 = 253 1135 0.022 

  c55 = 28 d15 = 389  0.0013 
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In general, high FoM is constrained by the intrinsic tradeoff between a high quality factor and 

large piezoelectric coupling. Quality factor is a measure of energy loss within the resonant system, 

and therefore Q is maximized when sources of loss are minimized. Losses in a PADA can be 

divided into intrinsic sources of loss within the piezoelectric material, and external sources of loss 

that occur when implementing the resonator system. Here, discussion of loss is limited to intrinsic 

sources of loss, since external sources of loss such as anchor loss [92], [93], damping loss [94] and 

ohmic loss in metal electrodes are generally independent of piezoelectric material choice and 

instead are a function of resonator design. Intrinsic sources of loss include phonon-phonon 

loss [95], phonon-electron loss [96], Akheiser damping [97], piezoelectric loss [98], and dielectric 

loss [99].  

Of particular interest for high FoM PADA materials are the piezoelectric and dielectric losses, 

which are generally negligible for low coupling materials such as quartz or AlN [100] but increase 

significantly for higher piezoelectric coupling ferroelectrics [101] and therefore can be the limiting 

source of loss in PADAs comprised of relaxor ferroelectrics like PMN-PT. Dielectric loss is caused 

by the movement of charges inside a material in the presence of an electric field and the 

corresponding thermal dissipation associated with that charge displacement [102]. Dielectric loss 

is characterized by the loss tangent of the material which is defined as the ratio of the imaginary 

and real components of permittivity (tan𝛿 =  ϵ′′/ϵ′) and generally a function of the frequency of 

the applied electric field [103].  

Debate is ongoing as to the exact nature of piezoelectric loss [104], [105] but it has been observed 

that materials such as PMN-PT and PZN-PT which exhibit loss tangents similar to hard PZT 

piezoelectrics (tanδ < 0.004) exhibit lower mechanical Q’s close to 100 which are more in line 

with soft PZT [106]. The disparity between the mechanical Q and loss tangent is indicative of 

another loss mechanism, which has been attributed to the influence of damping in the moving 

piezoelectric domain walls [107]. Recently, efforts to minimize damping from spontaneous 

polarization due to an external field via acceptor ion doping have shown promise for enhancing 

mechanical Q [108], [109], however the exact cause of loss reduction remains uncertain. 

Increasing the mechanical Q of the doped ferroelectrics comes at the expense of decreased 

piezoelectric coupling, however, as shown in Table 3.2, manganese ion doping can still lead to a 

more than 4x increase in FoM [110]. Efforts to improve the d2Q material FoM are ongoing, but 
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materials such as PMN-PZT-Mn already show the potential to further exceed the material 

efficiency of the PZT reported here by more than 10x. 

Although maximizing radiation efficiency is essential for increased battery life in portable 

transmitters, the presented FoM only holds for PADAs operated in the linear regime. At elevated 

input powers, PADA radiation efficiency can be limited by the intrinsic thermal and mechanical 

nonlinearity of the acoustic resonators, as well as the maximum achievable surface charge density 

without breaking down the surrounding medium. Therefore, in addition to (3.23), maximum 

achievable radiated power must also be considered when choosing PADA materials.  

High Q PADAs exhibit a greater ratio of power dissipated via radiation to power dissipated via 

heat, and therefore are less susceptible to thermal limitations and instead limited by maximum 

achievable charge density. Insulating gases have been shown to increase the breakdown field 

strength of the surroundings of the piezoelectric antennas but at the cost of increased cost and 

packaging complexity and diminished Q [48]. Conversely, high coupling relaxor ferroelectrics 

exhibiting similar charge densities are well below the breakdown threshold as shown in Fig. 3.9, 

and are therefore generally not limited by surface charge density. However, the lower Q results in 

increased heat dissipation in the resonator and a corresponding temperature increase.  

The temperature rise from joule heating in the electrodes and mechanical energy dissipation causes 

a change in the stiffness of the resonator as governed by the temperature coefficient of elasticity. 

The thermal change in elasticity results in a corresponding change in the resonant frequency 

determined by the resonator’s thermal coefficient of frequency (TCF). As temperature increases, 

the resonant frequency decreases due to the negative TCF of PZT and the resonator admittance 

increases, resulting in more power absorption and greater heating and thus a nonlinear feedback 

loop. Due to the feedback loop, in the nonlinear regime the resonant frequency shifts away from 

the input signal, resulting in off-resonant driving and diminished radiation efficiency. Thermal 

nonlinearity is primarily governed by the thermal conductivity of the resonator [111], [112], which 

for high coupling ferroelectrics such as PZT and PMN-PT is generally < 2 W/m-K [113]–[115] 

compared to LiNbO3 which is near 5 W/m-K [116]. Further investigation on the improvement of 

thermal conductivity of potential ferroelectric PADA materials is needed, and improvements in 

power handling via increased Q or thermal conductivity must be balanced with decreased coupling 

as material stoichiometry and doping is investigated [115]. 
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Ultimately, while relaxor ferroelectrics show great promise as highly efficient PADA materials, 

significant further research is needed for practical implementation. PADAs operating in the VLF 

and LF regimes require materials that can be fabricated with minimum dimensions of 1 cm or 

greater, significantly larger than the thin films typically reported in literature. While LiNbO3 

PADAs with dimensions greater than 10 cm and Q of 600,000 have been reported [48], reports in 

literature for PZT and other perovskite ferroelectric based materials such as PMN-PT with 

𝑑𝑖𝑗 > 1000 pC/N are generally for thin films (< 1 mm).  The high coupling in perovskite 

ferroelectrics is enhanced near the morphotropic phase boundary (MPB) from rhombohedral 

geometry to a tetrahedral geometry based on material composition or stress [117]–[119]. Near the 

MPB, material properties such as loss tangent, permittivity and coupling can vary greatly due to 

small changes in stoichiometry, stress or temperature [120] and is therefore sensitive to fabrication 

and environment. Common growth techniques such as the flux method [121], Bridgman method 

[122] or gradient freeze method [123] can be used to achieve the desired stoichiometric 

composition, but can exhibit significant variance in coupling and permittivity in cm scale crystals. 

Therefore, although high Q materials such as LiNbO3 and high coupling materials such as PZT 

and PMN-PT show promise for improved PADA performance, significant work is required to 

improve the FoM, manufacturability and repeatability of PADA materials. 

3.3.2. High Modulation Rate 

In addition to efficient radiation with large radiated power, passband transmission requires a 

modulation technique to send information. Simple and common digital modulation schemes can 

be utilized such as binary amplitude, frequency, and phase-shift keying (BASK, BFSK, BPSK) to 

directly modulate the PADA (carrier) amplitude, frequency or phase with a modulating bit stream 

[124]. A mechanical antenna such as the PADA has a settling time that is directly proportional to 

its quality factor and limits the BASK (on-off keying) rate since the mechanical system must be 

switched on and off corresponding to bit 1 and bit 0, respectively. The same applies to BPSK due 

to the phase discontinuity that requires the system to resettle and synchronize with the driving 

signal every time the phase changes. This presents a tradeoff between the material quality factor, 

which is required for efficient antenna operation, and the maximum achievable data rate, which is 

required for bandwidth efficiency [124]. On the other hand, BFSK can be designed to have a fixed 

amplitude and continuous phase, sometimes referred to as continuous phase FSK (CPFSK), or 
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minimum-shift keying (MSK), which mitigates the amplitude settling limitation and dramatically 

improves the achievable data rates. An FoM presenting the characteristics of a BFSK modulator 

can be expressed as follows: 

𝐹𝑜𝑀𝑀𝑜𝑑 = ∆𝑓 × 𝐹𝑆𝐾𝑅𝑎𝑡𝑒 (3.24) 

where ∆𝑓 is the separation between the two frequencies representing the binary message (∆𝑓 =

𝑓2 − 𝑓1) and 𝐹𝑆𝐾𝑅𝑎𝑡𝑒 is the maximum achievable FSK rate for switching between the two 

frequencies. For practical systems, ∆𝑓 must be as large as possible to allow for larger separation 

between the band-pass filters (BPF) in the receiver, which relaxes the BPF design specifications 

and reduces the bit error rate (BER), while higher 𝐹𝑆𝐾𝑅𝑎𝑡𝑒 enables higher bit rates (for BFSK 

𝐵𝑖𝑡𝑅𝑎𝑡𝑒 = 2 × 𝐹𝑆𝐾𝑅𝑎𝑡𝑒). The maximum frequency separation is generally set by the 3-dB 

bandwidth of the transmission system, which is inversely proportional to the PADA Q. Thus, there 

is a tradeoff between high Q for efficient radiation and low Q for large bandwidth and fast settling 

times. High radiation FoM materials that do not rely on a high Q such as PZT and PMN-PT are 

thus preferable for high efficiency and data rate. 

Although ferroelectric relaxor materials like PMN-PT can yield a high FoM despite a moderate Q, 

maximizing the FoM of any PADA material will require achieving the highest possible Q either 

through material fabrication or resonator design. Since data rate is dependent on both bandwidth 

and the signal to noise ratio (1.12), increasing bandwidth at the expense of efficiency does not 

necessarily yield faster communication speeds. Modulation schemes such as direct antenna 

modulation (DAM) that are able to decouple modulation rate from antenna bandwidth have been 

demonstrated to have great promise VLF and LF resonant antennas [125]–[127] including VLF 

piezoelectric antennas [48]. Soon after the work by Chu and others describing the bandwidth 

limitations of electrically small antennas, DAM schemes were proposed as a method to overcome 

the intrinsic high Q, low bandwidth limit [128], [129].  

Without DAM, modulation rates are limited by the charging and discharging time between 

modulated symbols, with the charging time constant limiting the symbol duration and thus data 

rate.  DAM overcomes the charging time constant limitation by actively switching the stored 

energy between the different modulation states to avoid charging and discharging. For electrical 

antennas, switching between symbols is synchronized so that during the switching moment, the 
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antenna is either in the minimum magnetic energy (zero current) or electric energy (zero voltage) 

state. For piezoelectric antennas, switching should occur in either the minimum kinetic energy 

state (no velocity) or electrical energy state (no acceleration) so that the stored energy switches to 

the new symbol state as though the piezoelectric resonator is operating at its steady state.  

A mock-up of an FSK-DAM scheme for a PADA is shown in Fig. 3.12, where a capacitor CT is 

used to tune the resonator impedance to change the resonant frequency between the two switched 

frequencies with the tuned resonance frequency given by (4.2).  At resonance, resonator velocity 

is in phase with the input voltage, and therefore frequency switching is synchronized to occur when 

the input voltage and mechanical energy are minimum. As the switch is flipped, the new frequency 

state simply “resumes” operation by converting its stored potential energy into kinetic energy the 

same as it would if it had been in steady-state oscillation at that frequency the whole time. 

Therefore, as long as the tuning capacitor is chosen so that the two resonant frequencies correspond 

to the two FSK states, charging time between symbols is negligible the data rate can surpass the 

limit imposed by the charging time-constant. As can be seen in Fig. 3.12b, adding the series tuning 

element results in a decreased quality factor, and therefore the radiation from the tuned state will 

be diminished relative to the non-tuned state. Increasing the tuning range further decreases the 

radiation from the tuned state, and therefore limits the maximum possible tuning range. 

Additionally, at elevated input powers, the resonant frequency of the PADA at both the tuned and 

untuned frequencies will shift based on the thermal coefficient of frequency of the resonator, 

causing the switching to desynchronize with the desired energy state. Since low Q resonators 

exhibit less stored energy and a less sharp phase transition near resonance, they are less affected 

by desynchronization than high Q resonators and therefore still offer an advantage even with 

DAM. 



58 

 

 

Fig. 3.12. Direct antenna modulation (DAM) of a PADA antenna. (a) Mock-up of a DAM scheme using a 

capacitive tuning element to tune switch PADA resonance along with an input FSK signal. (b) Shift in PADA 

resonance frequency from switching to a tuning capacitor in series with the piezoelectric resonator.  
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Chapter 4: PADA Design and Fabrication 

To demonstrate the viability of PADAs for VLF communication, two prototype antennas are 

designed and fabricated. First, a prototype PADA is to demonstrate the viability of piezoelectric 

transmitters for compact VLF communication systems, and thus is constrained to a size of 50 cm3 

and to operate in the VLF frequency band. A high FoM, moderate Q material is chosen to balance 

high efficiency and modulation rate. Second, a PADA utilizing a higher FoM mode is 

demonstrated to experimentally verify the potential for higher FoM materials and modes to 

increase the antenna efficiency and extend the communication distance. 

4.1 PADA Design 

The ideal materials for a piezoelectric antenna exhibit both a high FoM as demonstrated in Table 

3.2, as well as a moderate Q to enable higher modulation rates. Multiple materials such as LiNbO3, 

PZT, and PMN-PT have shown the potential for high FoM, and thus efficiency, as shown in Fig. 

2.13. However, of the materials with high PADA FoM, relaxor materials such as PMN-PT and 

PZN-PT with high coupling and low quality factors exhibit the potential for fastest data rates and 

therefore are prominent candidates for achieving the state-of-the-art piezoelectric antennas. 

4.1.1 Disk PADA Design  

In addition to the desirable material properties, manufacturability must also be considered when 

choosing a PADA material. Research into relaxor materials is ongoing, and many of the reported 

high FoM compositions are not commercially available. Additionally, since the size of 

fundamental mode resonators is inversely proportional to frequency, PADAs require piezoelectric 

resonators with dimensions of approximately 10 cm to operate in the VLF range. Increased 

fabrication and poling complexity make it difficult to source sufficiently large pieces of PMN-PT 

for fundamental resonant operation < 30 kHz. Thus, PZT is chosen as the PADA prototype material 

for its high FoM, sizing availability and consistent material properties. The first PZT PADA is 

designed from a ceramic PIC181 disk sold by Physik Instrumente which offers both high Q and 

piezoelectric strain coefficients as shown in Table 3.2. Different resonator geometries can be used 

to excite different high coupling piezoelectric materials such as the ones in Table 3.2 in optimal 

resonant modes (such as dilation, thickness extensional or shear) but were not available in sizes 
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that could resonate in the VLF range. Therefore, due to sizing constraints, a lateral mode of 

vibration is chosen to utilize 𝑑31. A dilating disk as shown in Fig. 4.1 is chosen over a rectangular 

plate to most efficiently excite strain-induced polarization.  The frequency of the fundamental 

dilation mode of a thin plate with thickness much smaller than the diameter can be approximated 

as [130]: 

𝑓0 =
𝜅

𝑅
√
𝐶11
𝜌

(4.1) 

where 𝜅 is a parameter dependent on Poisson’s ratio, R is the radius of the disk and 𝜌 is the density. 

The lateral vibration of the disc, also known as contour mode or dilation mode, is excited by 

applying a time-varying voltage on the metalized edges of the PZT disc. Upon excitation, the time-

varying electric field introduced by the electrodes (configured as a pair of top and bottom 

electrodes) excites the piezoelectric disk into vibration via the reverse piezoelectric effect. The 

excited acoustic wave is reflected by the PZT disk boundaries, resulting in a standing acoustic 

wave with its maximum stress at the disk center.  

 

Fig. 4.1. Mock-up of dilation mode piezoelectric antenna. (a, b) The 3D view and the side view of the laterally 

vibrating piezoelectric disk antenna with the displacement and resulting dipole moment emphasized. (c) 

Fundamental dilation resonance mode showing the stress distribution at resonance formed by the acoustic 

standing wave. 
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PADA modeling requires a multidisciplinary understanding of both piezoelectricity, 

electromagnetics and coupling between the electrical and the mechanical domains. Modeling of 

the coupled physics is achieved by using FEM available from COMSOL Multiphysics which 

couples these domains in the “piezoelectric devices” toolbox. This toolbox solves the piezoelectric 

constitutive equations either in its stress-charge or strain-charge forms. Such a model can be used 

to determine the resonance frequency of the structure using eigenfrequency simulations followed 

by frequency-domain simulations to find out parameters such as induced stress/strain, the velocity 

at the edge of the disc, internal polarization, surface voltages, and admittance. Two types of 

boundary conditions (BC) need to be set to run frequency-domain simulations; electrical BC and 

mechanical BC. Electrically, an arbitrary voltage amplitude is applied to the top electrode while 

the bottom electrode is grounded (all the parameters scales linearly with voltage) and all other 

surfaces are electrically floating. On the mechanical side, a free BC is assigned to the whole PZT 

disk to reduce any anchor damping and a material damping is assigned to PZT. The internal 

polarization (charge density) can then be used to calculate the polarization current from which the 

fields and efficiency can be calculated. PZT piezoelectric properties are supplied by the vendor 

(Appendix A) and input to the FEM model. 

 

Fig. 4.2. Radiation efficiency and current ratio as a function of electrode size for (a) circular electrodes at the 

center of the resonator and (b) ring electrodes around the edge of the disk resonator.  

Once a material is chosen, the PADA geometry is optimized to maximize efficiency. For the disk 

PADA prototype, the diameter is set to 8 cm to achieve a resonance frequency near 30 kHz, and 

then the thickness of the disk is chosen to be 1 cm to maximize the size of the PADA within the 
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volume constraint. The design of the electrodes is then optimized to maximize efficiency using 

COMSOL Multiphysics.  

Although (2.15) and (3.21) provide an FoM for choosing a piezoelectric material for efficient 

radiation, they are based on the assumption that all of the generated polarization leads to radiation. 

As discussed in Section 3.2, some amount of the polarization is shielded by the driving electrodes, 

and therefore careful consideration of the electrode configuration must be made between optimally 

exciting time-varying strain (high electromechanical coupling) and maximizing the radiation 

achieved by that strain. Although electromechanical coupling K2 is defined by the material 

properties, it relies on an external force or electric field in order to couple energy to the other 

domain. In general, the electric field from the electrodes is not uniform across the piezoelectric 

resonator, and therefore the effective coupling from the electrical to the mechanical domain is 

diminished where the electric field is smallest. Therefore, an effective electromechanical coupling 

coefficient kt
2 of a resonator where kt

2 < K2 is defined which is dependent on the electrode boundary 

conditions. For the disk resonator using the d31 coefficient, kt
2 is maximized by configuring the 

electrodes to maximize the electric field in the z-direction across the piezoelectric disk. The fields 

are maximized when the top and bottom surfaces and completely metalized and a time-varying 

voltage is applied across the electrodes. However, as shown in Fig. 3.3, full metallization 

completely neutralizes the effective piezoelectric current and radiation, and therefore maximum 

kt
2 results in minimum radiation. Maximum radiation requires small electrodes, to minimize the 

neutralization of the effective piezoelectric current. For a fixed electrode area, maximum kt
2 is 

achieved configuring the electrode to apply the external electric field across the highest stress 

portion of the resonator. As shown in Fig. 4.1, disk resonators operating in the fundamental dilation 

mode exhibit greatest stress at the center which tapers off to zero at the edges. However, since 

piezoelectric polarization is proportional to stress (3.1), the effective current is also maximum at 

the center of the disk and positioning the electrodes there neutralizes the highest piezoelectric 

current density portion of the resonator.  Therefore, the electrodes must be optimized to promote 

both high electromechanical coupling and efficient radiation. 

In order to determine the most efficient electrode configuration, various electrode dimensions on 

the outer ring (lowest polarization neutralization) and center (highest electromechanical coupling) 

of the PZT disk were compared. The efficiency and current ratios for different electrode diameters 
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(center electrode) and widths (edge electrode) are shown in Fig. 4.2. The current ratio is dependent 

solely on electrode size, with smaller electrodes increasing the radiation from PZT relative to the 

input current and therefore decreasing the noise from the driving circuitry. However, as shown in 

Fig. 4.2b, if electrodes are too small, the total radiation efficiency is diminished due to the 

diminished coupling of energy into the electromechanical resonator. Maximum radiation 

efficiency is achieved with an ~2 mm wide ring electrode around the edge of the disk. Based on 

the manufacturer’s provided Q of 2000, the simulated 𝑅𝑚 ≈ 150 Ω. In order to demonstrate the 

potential to match the disk PADA to a 50 Ω system, the width of the electrode is increased to 5 

mm which decreases  𝑅𝑚 to ~45 Ω according to (2.3). The increased electrode size results in a 

21% decrease in radiation efficiency as shown in Fig. 4.2, but an increased mismatch efficiency of 

33% and therefore the total efficiency is ~8% greater with 5 mm electrodes compared to 2 mm 

electrodes. 

4.1.2 Rod PADA Design 

The PZT disk resonator represents an initial proof of concept of a VLF PADA and is therefore 

constrained to operate near 30 kHz in order to maximize the radiation efficiency from (2.15). 

However, as shown in Table 3.2, other materials and modes present the potential for a higher FoM 

but were neglected in the proof of concept due to sizing availability. In order to experimentally 

verify the potential for scaling efficiency using the parameters in (2.15), a second rod PADA is 

designed using the same PIC181 PZT material to operate in the thickness extensional mode using 

the d33 coupling coefficient. The maximum commercially available thickness for the PIC181 PZT 

is 2.5 cm, corresponding to a thickness resonance near 70 kHz. Due to the Poisson ratio, both the 

dilatational mode disk and the thickness extensional rod experience stress in the lateral and 

thickness directions simultaneously and it depends on the geometry as whether more energy is 

coupled into the dilatational or thickness mode. Therefore, in order to maximize efficiency, the 

radius of the disk should be chosen to have the highest possible coupling. The coupling K2 for 

different rod radii was simulated using COMSOL Multiphysics as shown in Fig. 4.3. Although a 

rod radius of 0.8 cm yields the highest coupling, a radius of 1 cm was chosen instead since it results 

in a negligible decrease in coupling while providing > 50% more volume and therefore efficiency 

per unit. 
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Fig. 4.3. Coupling coefficient as a function of rod radius for a PZT rod with a thickness of 2.5 cm.  

 

Fig. 4.4. Mock-up of thickness extensional mode piezoelectric antenna. (a) 3D view of the thickness 

extensional vibrating piezoelectric rod antenna with the displacement and resulting dipole moment 

emphasized. (b) Fundamental thickness extensional resonance mode showing the stress distribution at 

resonance formed by the acoustic standing wave. 

A mock-up of the thickness extensional mode of the rod resonator is shown in Fig. 4.4a which the 

stress profile shown in Fig. 4.4b. For the fundamental thickness mode, both stress and polarization 

are maximum in the center of the disk and taper off toward the top and bottom. Since the stress is 

nearly constant in the lateral direction, no advantage is gained by placing the electrodes around the 

edge like with the disk resonator. Instead, the rod exhibits superior efficiency when the electrode 
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is placed at the center of the top and bottom surface, as shown in Fig. 4.5. The increased aspect 

ratio results in a larger fringing field and therefore the rod exhibits a smaller IPZT/Iin ratio than the 

disk despite having a larger efficiency since the current ratio is dependent on the effective electrode 

area from fringing relative to the total area.  

Fig. 4.5. Radiation efficiency and current ratio as a function of electrode size for (a) circular electrodes at the 

center of the resonator and (b) ring electrodes around the edge of the disk resonator.  

 

Fig. 4.6. Ratio of the radiation efficiency of the rod PADA compared to the disk PADA as a function of 

electrode size. 
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The increased fringing also results in diminished efficiency compared to the efficiency calculated 

using (2.15) which neglects fringing fields. The ratio of the calculated (no fringing) to simulated 

(includes fringing) efficiency gain of the rod PADA compared to the disk is plotted in Fig. 4.6 as 

a function of electrode size. The efficiency values are calculated from the unmetallized volume of 

PZT, with the coupling and stiffness coefficients provided in Table 3.2, and the quality factors of 

the disk and rod being 2000 and 1000 respectively. The diminished Q from the rod is based on 

experimental measurements and is likely due to additional complexity in fabricating and poling 

the thicker PZT. From Fig. 4.6, fringing fields can significantly decrease the efficiency predicted 

from the material constants in (2.15) and result in a diminished effective FoM.   

In addition to efficiency considerations, the size of the electrode is also important for thermal 

power handling. As discussed in Section 3.3, piezoelectric resonators can exhibit nonlinear 

behavior at elevated temperatures which limits the total radiation. Since the metal electrodes made 

from highly conductive materials like silver or gold can have thermal conductivities of more than 

300 W/m-K, increasing the size of the electrode can significantly increase the effective thermal 

 

Fig. 4.7. Thermal nonlinearity in the PZT rod PADA with ~ 20 µm thick silver electrodes at different power 

levels. Forward frequency sweep of (a) rod PADA with full electrode coverage on the top and bottom surface 

and (b) rod PADA with 8 mm diameter electrodes in the center.  
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conductivity of the resonator as shown in Fig. 4.7. The increased effective conductivity from larger 

electrodes allows the PADA to handle more input power as shown in Fig. 4.8, and therefore, 

potentially radiate greater power despite the loss in efficiency. In order to balance the high 

efficiency from small electrodes, and the increased power handling of larger electrodes, a 3 mm 

diameter electrode was chosen for the rod PADA which resulted in a simulated Rm of 340 Ω. Since 

the purpose of the rod resonator is to experimentally verify PADA design for increased radiation 

efficiency and to increase the total radiation measurement distance, the Rm of the rod PADA is not 

optimized to a 50 Ω system. Instead, as will be discussed in Section 4.4, incorporating eight PADA 

elements in a parallel array configuration results in an effective load resistance of ~50 Ω, resulting 

in high matching efficiency without sacrificing the radiation efficiency of individual elements. 

 

Fig. 4.8. Thermal nonlinearity in the PZT rod PADA with ~ 20 µm thick silver electrodes at different power 

levels. Forward frequency sweep of (a) rod PADA with full electrode coverage on the top and bottom surface 

and (b) rod PADA with 8 mm diameter electrodes in the center.  
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4.2 ADMIRE Efficiency Relative to ESA 

 

The efficiency of the two ADMIRE antennas relative to an ideal dipole is calculated as done in 

Chapter 2, using the properties shown in Table 3.2. The ESA is assumed to be made from copper 

with bulk conductivity 𝜎𝑐 and matched with an inductor with a Q of 200 to a source with Rs = 50 Ω. 

The piezoelectric coupling and stiffness parameters are provided by the vendor, and are imported 

into the multiphysics FEM, while Q, kt
2, and C0 are determined experimentally. For the rod 

resonator, the experimental values in Table 4.1 represent the average measured values across eight 

elements that were subsequently built into an array. Relative efficiency values are provided both 

from calculations using (2.15) as well as FEM simulation with the simulated value yielding a lower 

efficiency due to accounting for fringing fields as shown in Fig. 4.6. Despite yielding a greater 

radiation efficiency than the disk PADA, the rod PADA is less efficient relative to a comparable 

ESA primarily due to the increased electrical antenna efficiency at higher frequencies and not 

being geometrically optimized to match to a 50 Ω source. 

Table 4.1 Efficiency Comparison Between PADAs and Equivalent ESA 

Disk PADA Parameters 

 𝟑𝟏 𝑪𝟏𝟏
𝑬   𝑷 𝑻  𝑷 𝑻 𝑸𝑷 𝑻 𝒌𝒕

𝟐 𝑪𝒐 

108* pC/N 152.3* GPa 38.5 cm2 1 cm 1340 3.7 % 1.8 nF 

ESA Parameters 

 𝑬𝑺   𝑬𝑺   𝑬𝑺  𝝈𝒄 𝑸𝒊𝒏 𝒖𝒄𝒕𝒐  𝝃𝒕𝒐𝒕,𝒄 𝒍𝒄
 𝒆𝒍  𝝃𝒕𝒐𝒕,𝑭𝑬𝑴

 𝒆𝒍  

8 cm 0.5 cm 𝜋𝑟𝐸𝑆𝐴
2  5.9×107 S/m 200 6700 6600 

Rod PADA Parameters 

 𝟑𝟑 𝑪𝟑𝟑
𝑬   𝑷 𝑻  𝑷 𝑻 𝑸𝑷 𝑻 𝒌𝒕

𝟐 𝑪𝒐 

253* pC/N 134.1* GPa 3.1 cm2 2.5 cm 1120 19 % 21 pF 

ESA Parameters 

 𝑬𝑺   𝑬𝑺   𝑬𝑺  𝝈𝒄 𝑸𝒊𝒏 𝒖𝒄𝒕𝒐  𝝃𝒕𝒐𝒕,𝒄 𝒍𝒄
 𝒆𝒍  𝝃𝒕𝒐𝒕,𝑭𝑬𝑴

 𝒆𝒍  

2.5 cm 1 cm 𝜋𝑟𝐸𝑆𝐴
2  5.9×107 S/m 200 930 280 

 

PADA antenna parameters are either characterized by the manufacturer (*) or measured post-fabrication. 
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4.3 Fabrication and Characterization 

 

Fig. 4.9. PADA Fabrication. (a) Both the disk (D) and rod (R) geometries come fully plated on the top and 

bottom surfaces with silver electrodes. (b) The electrode is patterned either via machining with an end mill 

(D) or etching in nitric acid (R). (c) Finally, wires are either soldered (D) or epoxied (R) to the electrodes to 

connect to the electrical driving circuitry. 

To demonstrate the PADA antennas, prototypes of both the disk and rod resonators are created. 

The PZT disks and rods are commercially fabricated by Physik Instrumente (PI) and made from 

their PIC181 material [131]. The commercial disks have an 8 cm diameter and a 1 cm thickness 

while the rods have a 1 cm diameter and 2.5 cm thickness. Both types of PZT shapes are sold with 

both the top and bottom surfaces fully metalized with ~20 µm of silver which is used to pole the 

PZT in the thickness direction. The fabrication process is depicted in Fig. 4.9. Patterning of the 

silver electrodes for the disk is conducted using an end mill to remove the interior metal until only 

the desired 0.5 cm ring electrode along the edge remains. Two wire leads are split from a BNC 

cable and soldered to the top and bottom metal surfaces to provide electrical excitation, with the 

lead lengths minimized to reduce near-field radiation from the current loop as shown in Fig. 4.10a.  

For the rod resonators, a 3 mm diameter electrode is etched into the center of the top and bottom 

surfaces using nitric acid. The electrode is patterned using an acid-resistant tape cut into a 3 mm 
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circle, which is positioned by hand in the center of the electrode. Although a smaller diameter 

electrode yields more efficient radiation, electrodes smaller than 3 mm in diameter were prone to 

delamination during the fabrication and assembly process. Wires were soldered to the disk 

electrodes in order to connect to the driving circuitry. For the smaller 3 mm diameter electrodes, 

the heat in the soldering process sometimes led to the delamination of the electrodes, and so a 

 

Fig 4.10. Fabricated PZT PADA (a) disk and (b) rod. 

 

 

Fig. 4.11. Electrical response of the PZT ADMIRE. (a) Simulated surface charge density from the strain 

generated dipole moment of the PZT with an applied voltage amplitude of 1 V. Charge density and surface 

voltage are amplified at resonance due to the high Q of the ADMIRE resonator. (b) Simulated and measured 

impedances at the input terminals (electrodes) of the PZT disc. 
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conductive silver epoxy which cures at room temperature was used to connect the electrodes to the 

external circuitry.  

Characterization of the PZT is conducted by connecting a Tektronix AFG3152C function 

generator directly to the electrodes via BNC cable. An Agilent E4445A spectrum analyzer 

connected in series with the PZT resonators is then used to characterize the impedance of the PZT 

as a function of frequency, from which the motional resistance, electromechanical coupling (𝑘𝑡
2) 

and mechanical quality factor are extracted as shown in Fig. 4.11 and Fig 4.12 During testing, the 

PZT resonators operate with mechanically free boundary conditions, such that all moving surfaces 

are free to move without constraint which theoretically results in the lowest damping and highest 

𝑄. The mechanically free boundary condition is achieved by resting the bottom center of the 

resonator on a small piece of foam. Multiple mounting configurations were considered, with the 

small foam base ultimately chosen for simplicity as it was experimentally verified to not reduce 

resonator 𝑄. For the array, in order to ensure that all array elements are vertically aligned, the rod 

elements are placed on small wooden runners. Input power to the PZT disk is characterized by 

 

Fig. 4.12. Simulated and measured impedances at the input terminals (electrodes) of the PZT rod. 
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adding an Agilent MSO7104B oscilloscope with 1 MΩ impedance in parallel with the disk with 

the power dissipation measured from the voltage drop across the PZT. 

FEM simulation of the finalized disk PADA design shown in Fig. 4.10. A 0.5 cm wide ring 

electrode is chosen based on Fig. 4.2 to yield the highest radiation efficiency. The disk diameter 

and height of 8 cm and 1 cm respectively are chosen to yield a resonant frequency near the upper 

bound of the VLF band. A motional resistance of 50 Ω is designed to match with typical 50 Ω 

systems at the 33.6 kHz. However, measured Q is reduced by electrical loading in the driving 

circuit, resulting in an increase in the measured Rm of 63 Ω. Since Pdel = Vin
2 /Rm for the PADA, the 

simulated Q is tuned to 1690 to achieve the same Rm and input power for efficiency comparison. 

The FEM simulated response of the PZT rod PADA is shown in Fig. 4.12. A 3 mm diameter 

circular electrode is chosen to balance peak radiation efficiency and increased power handling in 

order to extend the measurement range. A small spurious resonant mode can be seen near 67.5 kHz 

due to slight misalignment of the top and bottom electrodes (< 0.2 mm) which are patterned by 

hand. Lateral misalignment of the top and bottom electrodes causes an asymmetric electric field 

between the electrodes, which can lead to the generation of a shear resonant mode as shown in 

Fig. 4.13 for misalignment greater than 1 mm. Due to the small electrode misalignment in the 

 

Fig 4.13. Spurious antisymmetric mode due to electrode misalignment. (a) Simulated admittance as a function 

lateral electrode separation. (b) Mock-up of resonator cross-section and laterally misaligned electrodes. (c) 

FEM simulation of the shear mode that that arises due to asymmetric applied electric fields. 
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fabricated resonator, the spurious mode is sufficiently small and off resonance to not affect the 

PADA performance at resonance. 

4.4 PADA Arrays 

As seen in Table 4.1, PADAs have the potential to greatly exceed the efficiency possible from 

electrical antennas. As higher FoM materials become commercially available at suitable sizes for 

VLF and LF resonators, the efficiency of PADAs can be expected to increase by multiple orders 

of magnitude due to the extremely high coupling coefficients exhibited by relaxor type 

ferroelectrics such as PMN-PT. However, while piezoelectric antennas show great promise for 

more efficient operation in the VLF and LF frequency ranges than electrical antennas, significant 

progress must be made for them to be commercially viable. Since efficiency is purely a ratio of 

input power to output power, a PADA can exhibit high efficiency but only a small radiated power 

if the input power handling is limited. Maximum radiated power for PADAs is primarily capped 

by three mechanisms: electrical breakdown, thermal nonlinearity, and mechanical nonlinearity. 

For high Q, low permittivity piezoelectric antennas, electrical breakdown of the gases surrounding 

the antenna is usually the limiting factor [48] due to insufficient confinement of the fields produced 

by the piezoelectric polarization. Due to the high permittivity of PZT, the rod and disk PADA 

operate well below the breakdown limit, and instead the maximum radiated power is primarily 

limited by thermal nonlinearity as shown in Fig. 4.8. As discussed in Section 4.1, power handling 

can be increased by optimizing the resonator and electrode geometry to increase thermal 

conductivity, but sometimes at the cost of decreased efficiency. Alternatively, the power handling 

can be increased by increasing the volume and thus heat capacity, of the resonator. However, since 

both resonant frequency and electromechanical coupling are geometry dependent, increasing the 

volume may come at the expense of efficiency or the desired operating frequency. Instead, total 

radiated power can be increased without sacrificing efficiency or operating frequency by arraying 

multiple PADA elements together. Arraying N elements together scales the effective PADA 

volume, where Veff = NVelement, and thus both the radiation efficiency and power handling since 

efficiency scales with volume (2.15) and the total power dissipated power can be divided among 

the individual elements.   
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Fig. 4.14. MBVD equivalent circuit models for PADA arrays in (a) parallel and (b) series. 

Therefore, in order to increase the efficiency of the rod PADA, an array of eight rod elements is 

implemented. Although the thickness extensional rod is more efficient compared to an equivalent 

ESA than the dilutional mode disk due to the higher d33 coefficient, due to the smaller size of the 

rod, a single rod element is approximately as efficient as a single disk element since Vdisk = 6.4Vrod 

and radiation efficiency scales with volume as shown in (2.15). Furthermore, the smaller size 

results diminished power handling, and thus the total radiation expected from the rod PADA is 

less than the disk PADA despite being more volumetrically efficient. The PADA elements can be 

arrayed in either a series configuration or a parallel configuration as shown in Fig. 4.14, with each 

configuration having pros and cons.  

When PADA elements are arrayed in parallel, the same potential is applied across all devices 

simultaneously as shown in the equivalent circuit model in Fig. 4.14b. Since each motional branch 

is connected directly to ground, each individual resonator will its own resonant frequency at 

ω0 = √1/Lm,nCm,n where n denotes the properties of the nth resonator in the array. If the individual 

resonators have slightly different resonant frequencies, as shown for the case of a two element 

array in Fig. 4.15, then the resonators cannot be driven simultaneously at their resonant frequency 
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and some efficiency is lost due to one or both resonators being driven off resonance. Due to a 

narrower acoustic bandwidth, resonators with high-quality factors are more susceptible to 

frequency misalignment caused by variance in the fabrication process. If frequency 

synchronization cannot be achieved in fabrication, a reactive tuning element can be added in series 

with a detuned resonator in order to shift its resonance back to the operating frequency of the array 

as shown in Fig. 4.16. The shifted resonant frequency is: 

𝑓𝑠 ≈
1

2𝜋
√

𝐶𝑜 + 𝐶𝑚 + 𝐶𝑇
(𝐶𝑇 + 𝐶𝑜)𝐶𝑚𝐿𝑚

(4.2) 

where the tuning capacitor CT is added in series with the resonator as shown in Fig. 4.16a. The 

admittance response of a resonator tuned by a capacitor is shown in Fig. 4.16b, with the tuning 

range as a function of capacitance given in Fig. 4.16c. Therefore, tuning capacitors can be added 

to the frequency desynchronized resonators in the array in order to align all the resonance 

frequencies and maximize efficiency. However, even if all the resonant frequencies are 

synchronized, since resonator quality factor and thus motional resistance will likely vary due to 

variance in the fabrication process, the power dissipated in each resonator will not be equal. As 

the input power is increased to increase the radiated power, the resonators with smaller motional 

impedance will absorb more power and thus heat faster than the other resonators in the array. The 

increased temperature will result in a shift in resonance frequency, causing the array to detune.  

Therefore, even if frequency synchronization in fabrication can be maintained with high fidelity, 

PADAs comprised of high FoM materials with low quality factors such as PMN-PT are more 

suited to parallel array implementation since they have a wide 3 dB bandwidth and are thus less 

susceptible to frequency offset. Additionally, due to the inverse relationship between Q and Rm, 

PADA’s with a high motional impedance can be easily matched to lower impedance sources since: 

𝑅𝑎𝑟𝑟𝑎𝑦
𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =

1

∑
1

𝑅𝑚,𝑛

𝑛=𝑁
𝑛=1

(4.3)
 

 



76 

 

 

Fig. 4.15. Resonant frequency desynchronization in PADA arrays. (a) Admittance response of two individual 

resonators (1 and 2) with 1 kHz frequency misalignment. (b) Admittance response of an array comprised of 

the two frequency-shifted elements in a (blue curve) connected in parallel, compared to the parallel 

combination of two identical elements (red curve). (c) Admittance response of an array comprised of the two 

frequency-shifted elements in a (blue curve) connected in series, compared to the series combination of two 

identical elements (red curve). 
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Fig. 4.16. Frequency tuning of offset resonators. (a) A tuning capacitor can be added in series to a resonator 

in order to shift the resonant frequency. (b) Admittance response of the tuned resonator for different values of 

the tuning capacitor. (c) The tuning range of the resonant frequency as a function of tuning capacitance. 

Unlike parallel arrays where offsets in the resonant frequencies of individual elements result in 

desynchronization of the array of PADAs, the series configuration of a PADA array exhibits only 

a single resonance even if the frequencies of the individual components are offset as seen in Fig. 

4.15c. The array resonance occurs at: 

𝑓0
𝑠𝑒𝑟𝑖𝑒𝑠 =

1

√𝐿𝑚,𝑡𝑜𝑡𝐶𝑚,𝑡𝑜𝑡

(4.4) 

where 𝐿𝑚,𝑡𝑜𝑡 and 𝐶𝑚,𝑡𝑜𝑡 are the series combinations of the motional inductance and capacitances 

of the individual resonators. Therefore, a series configuration is preferred if the frequency offset 

of the individual elements cannot be kept sufficiently small during fabrication. Since the current 

in the array elements is constant, series arrayed elements will also experience non-uniform heating 

based on their motional resistances. Due to the series configuration, the elements will maintain 

frequency synchronization even if some of them start to exhibit thermal nonlinearity, and only the 

drive frequency needs to be synchronized to the array resonant frequency. However, one drawback 
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to arraying in series is that lower Q, higher motional resistance elements in the array will consume 

more power than the higher Q elements resulting in the most power being dissipated in the least 

efficient element. As the power consumed by the low Q elements increases, so does the thermal 

nonlinearity, and therefore the array may exhibit nonlinear behavior even when the majority of the 

elements in the array are operating in the linear regime. Therefore, elements in series arrays should 

exhibit similar quality factors in order to maximize efficiency. Series arrays are well suited for 

high Q resonator elements with 𝑅𝑚 the source resistance, since: 

 

Fig. 4.17. (a) Top and (b) side view of the fabricated 8-elements series array with a quarter for size reference. 

(c) Array is laid out so that all current elements are in-plane, allowing the loops formed by the input current 

to be aligned to have a radiation null in the direction of the receiving antenna. (d) Due to the confinement of 

the electric fields within the PZT, array elements can be aligned in close proximity with negligible near-field 

coupling to adjacent resonators.  
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𝑅𝑎𝑟𝑟𝑎𝑦
𝑠𝑒𝑟𝑖𝑒𝑠 = ∑ 𝑅𝑚,𝑛

𝑛=𝑁

𝑛=1

(4.5) 

and the arrayed elements can be impedance matched to the source without sacrificing element 

efficiency. 

 

Fig. 4.18. Measured array admittance (a) Modified equivalent circuit model to account for feedthrough 

capacitance introduced by the array circuitry. (b) Measurement setup used to characterize the admittance 

response (c) Measured admittance curves of the 8 individual rod elements (c) Measured admittance curve of 

the entire array compared to the MBVD response of the 8 individual elements added in series. The fabricated 

array has additional feedthrough capacitance due to metal traces connecting the individual resonators, which 

causes decreases in kt
2. 
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The PZT rod elements were fabricated in two batches with a ~1 kHz frequency shift between the 

two batches likely due to variance in fabrication. Therefore, to synchronize the frequencies, a 

prototype eight-element series array formed from rod PADAs is designed in order to demonstrate 

the potential for extending the measurement range. The fabricated array is designed to minimize 

radiation from the input circuitry toward the receiver. As shown in Fig. 4.6, the ratio of the PZT 

current to the input current for a rod PADA with a 3 mm electrode is only 2.8, and therefore the 

input current can be a significant source of noise in the measurement. In order to reduce the input 

noise, the lengths of the electrical connections were minimized by spacing the elements with 5 mm 

separation. Due to the large field confinement within the high permittivity PZT, as well as the low 

radiation efficiency of the rod PADAs, the coupling between devices has a negligible impact on 

device performance. A horizontal linear array was opted for stability, and the electrical connections 

were aligned so that the input current elements are in plane with the PZT current as shown in Fig. 

4.17. The input currents between adjacent elements form a small current loop as shown in Fig. 

4.17b, and the total array is oriented so that all current loops are orthogonal to the receiving antenna 

and thus radiate a null in that direction.  

The measured admittance curves of the array elements are shown in Fig. 4.18. First, the 8 

individual PADA rods are measured separately as shown in Fig. 4.18c using the measurement 

setup in Fig. 4.18b. The rods used for building the array were ordered in two separate shipments, 

and a significant frequency shift can be seen between the two batches. The response of the total 

fabricated array is shown in Fig. 4.12d and is compared to the extracted array response comprised 

of the series combination of the MBVD equivalent circuits for the eight individual elements. A 

significant feedthrough capacitance (12 pC), depicted in Fig. 4.18a, is introduced in parallel with 

the measured array admittance due to the metal traces shown in Fig. 4.17a which decreases the kt
2 

of the array. However, PADA radiation is independent of kt
2, and therefore the prototype array is 

not optimized to decrease the feedthrough capacitance. 

The thermal nonlinearity of the array is characterized using a Polytec OFV-5000 laser vibrometer 

to measure the velocity of the edge of the resonator. Edge velocity is measured at the center of the 

resonator as shown in Fig. 4.19a where lateral displacement is largest. The nonlinearity of a single 

array element is shown in Fig. 4.19b as a function of input power to the array. For a 5 W input, the 

velocity, and thus radiation, is reduced by ~1/3 from the expected linear response due to the 
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nonlinearity. Due to the different motional impedances of the different rod elements, the absorbed 

power is non-uniform across the array, resulting in each element radiating different levels of 

power. Since the radiation is proportional to resonator velocity, the relative radiation for each 

element in the array as a function of frequency can be determined using the laser vibrometer as 

shown in Fig. 4.20 with a 1 W input power supplied to the array. Each device exhibits maximum 

mechanical displacement at the same resonant frequency due to the series configuration, but the 

radiation varies based on the resonator Q which ranges from 940 to 1370. Total array efficiency 

can be increased by removing the lowest Q elements, but at the expense of total radiated power 

due to the diminished power handling of the smaller array.  

 

Fig. 4.19. Thermal nonlinearity in 8-element series array. (a) Mock-up of the measurement setup. A laser 

doppler vibrometer is used to measure the lateral displacement at the center of each rod element, while 

spectrum analyzer and oscilloscope are used to characterize the input power to the array. (b) Measured 

nonlinearity in the edge velocity and thus radiation and the shift in resonance as a function of input power. 
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Fig. 4.20. Measured edge velocity of array elements as a function of frequency with an input power of 1 W. 

In addition to arrays comprised solely of either series or parallel combinations of elements, partial 

combinations of series and parallel elements may yield superior performance. The frequency 

shifted elements can be combined in small series sub-arrays to synchronize their resonance at a 

single frequency. Since the resonance frequency of a series array is approximately the average of 

the resonant frequency of the individual elements, the resonance of the series array can be tuned 

to the desired operating frequency by carefully selecting the individual components. The frequency 

synchronized series arrays can then be arrayed in parallel so that the total power handling is not 

limited by the least efficient series sub-array. Additionally, by choosing the number and element 

size of the sub-arrays, the total array impedance can be matched to the source impedance without 

modifying individual element Rm.  
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Chapter 5: Antenna Measurement 

5.1 Radiation Measurement 

The radiation measurements of the PADA are complicated by the near-field confinement due to 

the high permittivity of the PZT. Unlike the far-field radiation of the PADA which is dependent 

only on the equivalent current caused by the flipping dipole moments, the reactive near-fields are 

confined by the large relative permittivity of PZT within the dielectric. Consequently, the reactive 

fields, characterized by 1/r3 for electric fields and 1/r2 for magnetic fields, are diminished in both 

magnitude and distance compared to an electrical antenna with equivalent radiated power. An 

equivalently sized 33 kHz ESA exhibits near-field dominant electric and magnetic fields up to 1 

km compared to the disk and rod PADA antennas which reach their far-field dominant regime 

(magnetic) after approximately 1.3 meters and 5 meters respectively. Since each of the rod 

elements has a cross-over point at 5 m, the cross-over point for an array of rod elements is ~5 m 

provided that the size of the array is much smaller than the electromagnetic wavelength of the 

radiated signal as is the case for the eight-element array shown in Fig. 4.17. One advantage of the 

reduced cross-over distance is that all measured signals with a 1/r roll-off can be attributed solely 

to radiation from the PZT PADAs, since the fields from electrical traces in the driving circuit, or 

scattering from nearby objects will exhibit higher-order roll-off. Therefore, no complex de-

embedding is required to extract the PADA radiation from the measured field.  

The drawback of the reduced cross-over distance is the reduction in field strength close to the 

PADA due to the confinement of the reactive energy. Low permittivity PADAs or ESAs will 

exhibit greater field strength prior to the cross-over point than a high permittivity PADA with 

greater reactive field confinement even if they radiate the same power. Consequently, a less 

efficient antenna radiating less power such as an electrically small dipole may produce a higher 

measured signal-to-noise ratio in its near-field regime than a PADA radiating more power. For 

example, consider an ESA and PADA operating at 30 kHz with cross-over distances of 1.6 km 

and 5 m respectively and the PADA radiating 1000 times more power as shown in Fig. 5.1. The 

ESA would produce the same magnetic field at ~150 m as the PADA (B ∝ √Prad) and a greater 

field at closer distances than the PADA despite BPADA > 30BESA  at distances beyond 5 km where 

the near-field terms of both antennas are negligible. Therefore, PADA prototypes for long-distance 
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communication applications can be more difficult to characterize than less efficient antennas that 

exhibit larger, non-radiated reactive fields due to the smaller measured signal close to the 

transmitter.  

In order to maximize the measured signal-to-noise ratio in the receiving loop antenna, both the 

PZT PADAs and the measurement setup are designed to minimize RF interference from the leads 

and connections so that the PZT radiation is not obscured. Since the radiation from the alternating 

piezoelectric dipoles inside the PZT PADAs are the only fields generated by the transmitter that 

exhibit a 1/r roll-off before 500 m, any fields exhibiting a 1/roll-off can be attributed solely to the 

PADA radiation. If the near-field noise from the current leads is greater than the near-field 

component of the PADA, as shown in Fig. 5.2a, the magnetic field measurement will exhibit 1/r2 

roll-off beyond the theoretical cross-over from the PADA. Since the near-field components of both 

the PZT and the wires exhibit the same roll-off, and near-field measurements can be unpredictable 

due to scattering and coupling, it is difficult to distinguish the magnitude of the PADA radiation 

 

Fig. 5.1. Simulated magnetic field comparison between and ESA and PADA radiating 1000 times more power. 

Due to the confinement of reactive energy inside of the piezoelectric material, a PADA with a near-to-far-

field cross-over distance of 5 m generates a smaller magnitude magnetic field at distances less than 150 m 

compared to an electrical antenna radiating 1000 times less power. 
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Fig. 5.2. Simulated (a) magnetic and (b) electric field roll-offs for a single PADA rod element as well as 

hypothetical roll-offs for the same PADA rod element with additional radiation from electrical leads. Fields 

exhibiting 1/r roll-off correspond solely to radiation from the PZT PADA, whereas fields exhibiting 1/r2 

(magnetic field) and 1/r3  (electric field) roll-off may include contributions from non-piezoelectric sources 

such as electrical traces in the PADA circuitry or re-radiation from scattering objects. Fields from non-PADA 

radiators such as the electrical leads increase the cross-over distance, requiring measurement of the PADA 

radiation at a greater distance where the signal-to-noise ratio is diminished. 
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from the near-field measurement. Once the fields of from the leads become smaller than the 

radiation from the PADA, the roll-off will converge to 1/r beyond the extended cross-over point. 

However, due to the greater distance from the transmitter, the measured signal-to-noise ratio in the 

receiver is diminished.  

Measurement of the PADA antennas is conducted using a loop antenna to measure the generated 

magnetic fields, since for both PADA designs the magnetic field roll-off begins to converge to 1/r 

beyond 5 m. The electric field roll-off converges to 1/r beyond 100 m as shown in Fig. 5.2b, even 

in the absence field contributions from the electrical traces in the transmitter circuitry. 

Additionally,  unlike the magnetic field roll-off which exhibits a smooth transition from 1/r2 to 1/r 

roll-off,  the electric field roll-off exhibits a null at the cross-over point due to the opposite signs 

of the near and far-field electric field terms (1.14). Due to the null at the cross-over point, predicted 

magnitude of the E-field of the eight-element array near 200 m where the roll-off starts to converge 

 

Fig. 5.3. PADA alignment to minimize noise from the driving electronics and wire leads. (a) Mock-up of the 

loop and linear current elements in the rod PADA array and the corresponding direction of the generated 

magnetic field. (b) Radiation pattern for ideal electric and magnetic dipoles (current loop) and the angular 

dependence of the generated magnetic fields on the orientation of the transmitting and receiving antennas. 

Mock-up of the (c) in-plane, (d) parallel, and (e) perpendicular orientations of transmitter and receiving loops 

and the relative magnitudes of the measured fields from the current elements in the PADA transmitter.     
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to 1/r is ~1 µV, which is difficult to measure with commercial antennas. Therefore, the magnetic 

field measurement is prioritized. 

In order to minimize near-field radiation from current loops, all-metal wires and traces are 

minimized and oriented to exhibit a radiation null toward the receiving antenna as shown in Fig. 

5.3. For all PADA configurations, both a linear radiating element, arising from the flipping 

piezoelectric polarization, and a loop radiating element, arising from the input current used to 

excite the PADA as well as the displacement current through the PADA, exist. For the case of an 

array of N elements, as depicted in Fig. 5.3a, N sets of linear and loop currents exist. The radiation 

patterns from these currents are depicted in Fig. 5.3b and be modeled as ideal electric and magnetic 

dipoles respectively and with the magnitude of the generated fields exhibiting dependence on the 

angle between the transmitting currents and the receiving antenna. When the input loop currents 

are in the same place as the receiving loop antenna, as shown in Fig. 5.3c, the magnetic fields from 

both the input currents and the PZT cut through the center of the loop, resulting in the maximum 

measured magnetic field. Although the measured field from piezoelectric radiation is maximized 

in this configuration, so too is the radiation from the loop. When the transmitting loops and 

receiving loops are parallel, the magnetic fields from both current components in the PADA 

transmitter are in the plane of the receiving antenna, resulting in the minimum measured field.  

Instead, the optimum configuration to reduce the magnitude of the fields from the input circuit in 

the measured data is to orient the transmitting loops orthogonal to the receiving loop. For an 

orthogonal setup, the magnetic fields from the PZT pass through the loop and are maximally 

coupled to the receiver, while the magnetic field from the electrical currents are in the plane of the 

receiver and are not coupled. Therefore, an orthogonal setup yields the shortest cross-over distance 

and largest signal-to-noise measurement of the PADA radiation and utilized for the following 

measurements.  

Wireless radiation measurements of the generated magnetic field are conducted in an open 

environment to minimize scattering and noise as shown in Fig. 5.4b. The transmitting system 

consists of a Tektronix AFG3152C function generator connected in series to a 50x Trek model 

2100HF amplifier to generate a sufficiently large excitation to measure the far-field as shown in 

Fig. 5.4a. The amplifier presents a resistance of ~150 Ω in series with the motional resistance of 

the PZT PADA or PADA array at resonance which results in a diminished loaded quality factor 
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where  𝑄𝐿 ≈ 𝑄𝑅𝑚/(𝑅𝑚 + 𝑅𝑠). The magnetic field is measured using an AH-Systems SAS-565L 

24” shielded passive loop antenna which is oriented to receive the maximum signal from the PZT 

far-field component. Antenna pattern is not directly measured due to the weak radiation field 

strength but is assumed to approximate the field pattern of an ideal dipole due to the linear nature 

of the alternating piezoelectric dipoles and the small size of the radiating elements relative to their 

electromagnetic wavelength. Incident radiation generated by the PADAs induces an open circuit 

voltage across the antenna terminals proportional to the field strength. The antenna factor of the 

loop receiver is calibrated by the manufacturer post-production to be 1.74 Ω-1m-1 at 33 kHz and 

1.07 Ω-1m-1 at 71 kHz, and is used to extract the measured B-field where 𝐵𝑅𝑀𝑆 = 𝜇0𝑉𝑅𝑀𝑆 ∗ 𝐴𝐹. 

The calibration of the passive loop antenna is verified using a commercially calibrated FMZB 

 

Fig. 5.4. Radiation measurement. (a) Mock-up of the measurement setup. (b) Field measurement in an open 

athletic field to reduce scattering and background noise. The transmitter (consisting of the function generator, 

amplifier, and the PADA) is powered separately from the receiver (consisting of the passive loop antenna and 

lock-in amplifier) using gas generators to remove ground loop radiation. (c) Sample of measured voltage from 

lock-in amplifier vs. time at 2 meters. The measured voltage from the antenna terminals from which the 

measured magnetic field is extracted using the antenna factor. Both the field measurements (power on) and 

noise (power off) are post-processed and extracted. Average noise < 10 nV (14 fT).  
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1519B active loop antenna to measure an identical source, with < 5% difference in the measured 

field magnitudes.  The open-circuit voltage of the SAS-565L antenna is measured using a Stanford 

Research Systems SR865A lock-in amplifier that is frequency locked to the transmitting PZT 

PADA and employs a 24 dB/octave bandpass filter to attenuate noise around the locked frequency.  

 

Fig. 5.5. The measured B-field roll-off with distance for the disk PADA with a cross-over point at 1.3 m. 

Measurements were made at 1 m distance intervals for 2 minutes at a time, as shown in Fig. 5.4c, 

using a 1 second time constant. The measured B-field strengths of the disk and rod PADAs are 

shown in Fig. 5.5 and Fig. 5.6 respectively. The B-fields extracted from the average terminal 

voltage over the 2-minute measurement window, with 1 standard deviation error bars also provided 

to account for variance in the measured field strength due to noise. Between field measurements, 

the noise floor is measured at 1-minute intervals with the input signal turned off. The measured 

radiation of the PADA disk is presented in Fig. 5.5. Measurements beyond 6 m exhibit a signal-

to-noise ratio < 2 and are not shown. Extrapolating the measured data to 1 km yields a magnetic 

field of 0.45 fTRMS with a driving power of 1.2 W compared to a simulated magnetic field of 1 

fTRMS. The roll-off of the B-field with distance for the eight-element rod array is plotted in Fig. 

5.6a along with the theoretical 1/r and 1/r2 curves fit to the measured field at the cross-over point. 
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The measured B-field exhibits a cross-over point at 5 m as expected from simulation, with the roll-

off converging to 1/r near 10 m. Close to the antenna, the deviation of the measured data from the 

expected 1/r2 fit is attributed to misalignment error between the transmitting current loops and the 

receiver antenna resulting the receiver measuring the input current in the electrical traces as well 

as the rod PADA array. To verify that the 1/r roll-off is due to the PADA radiation, an eight-

element variable resistor array is fabricated as shown in Fig. 5.6a. Each resistor is tuned to the 

average motional impedance of the array elements at the operating frequency of 70.8 kHz such 

that the input power, current, and voltage is identical for both the resistor and PADA arrays. An 

input voltage of 125 V, corresponding to an input power of 2.42 W, is applied to the PADA array, 

which generates an extrapolated B-field at 1 km of 1.34 fTRMS compared to the simulated field 

 

Fig. 5.6. Characterization of radiation from 8-element rod array. (a) 8-element resistor array to de-embed 

radiation from electrical current from the measured radiation (b) Measured roll-off for both the 8-element 

PADA and resistor arrays including the simulated roll-off curves fit to the measured fields from the PADA 

array at the expected cross-over point. The roll-off for the PADA array converges to 1/r beyond 5 m while the 

resistor array falls off as ~1/r2.   
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strength of 2.26 fTRMS. The discrepancy between the simulated and measured field strengths is 

likely due to imperfect earth ground effects [13], shifts in resonance due to ambient temperature 

changes and thermal nonlinearity.  

The efficiency of the PADA elements is limited by the power handling of the PZT elements. 

Although the presented PADA efficiency is more than three orders of magnitude greater than an 

equivalently sized electrical antenna, from Fig. 4.5 the radiation efficiency is still poor (~10-10) 

and therefore in order to wirelessly measure the radiation, high input power (> 1 W) is required. 

As the resonators start to exhibit thermal nonlinearity at increased power levels, resulting in 

diminished efficiency. Since PADA radiation occurs due to physical charge displacement in the 

piezoelectric, the magnitude of the radiation can be extrapolated from the physical displacement 

of the resonator. Figure 5.7 shows the measured velocity and magnetic field of the PZT disk 

PADA. The magnetic field is measured at 1 with the SAS-565L loop antenna connected to a 

spectrum analyzer while the edge velocity of the disk PADA is simultaneously measured using a 

Polytec OFV-5000 laser vibrometer. From Fig. 4.19, driving the 8-element array at 2.42 W results 

in a 19% reduction resonator edge-velocity and piezoelectric current, corresponding to a 34% loss 

 

Fig. 5.7. Correlation between PADA radiation and edge velocity of the disk PADA as a function of frequency. 
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in efficiency. Additionally, due to the bifurcation and shifting resonance frequency due to thermal 

nonlinearity at elevated temperatures, the PADAs cannot be driven at resonance. As seen in Fig. 

5.7, driving off-resonance results in a diminished magnetic field, and further contributing to the 

reduced measured efficiency relative to the simulated (linear) efficiency.  

5.2 Modulation 

Direct digital modulation of the PADA can be done by altering amplitude, frequency, and phase 

of the excitation signal which in turn modulates the mechanical resonance of the PADA and thus 

radiated signal. In this dissertation, BFSK is chosen since it has a continuous phase which lowers 

the mechanical settling time compared to both BPSK and BASK. The modulation is evaluated 

using the measurement setup in Fig. 5.8a. The setup consists of a Tektronix AFG3152C function 

generator that directly excites the disk PADA with continuous phase BASK or BFSK signals. A 

Polytec OFV-5000 laser vibrometer is used to measure the velocity of the PZT edge while 

vibrating in the dilation mode. The two BFSK modulation frequencies are chosen to be within the 

3-dB bandwidth as shown in Fig. 5.8b. Figure 5.8c shows the modulated velocity of BASK and 

 

Fig 5.8. Different modulation schemes applied to the PADA. (a) Mock-up of the measurement setup. (b) 

Frequency response of the velocity (both magnitude and phase are measured) at the PZT disk edge. (c) (top) 

10 Hz bit stream, (middle) vibrometer velocity measurement of the amplitude-shift keyed (ASK) signal, and 

(bottom) vibrometer velocity measurement of the frequency-shift keyed (FSK) signal.  
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BFSK with a 10 Hz modulation rate. The velocity signal is then inputted to a Rohde & Schwarz 

FSUP signal source analyzer with FM demodulation capability to demodulate the signal as shown 

in Fig. 5.9a and 5.9b (bottom figures) for 5 Hz and 20 Hz BFSK rates, respectively.  

The PZT disk is directly modulated using a function generator outputting both ASK and FSK 

signals with the resonant response of the PZT disk captured using an optical vibrometer as shown 

in Fig. 5.8a. In both cases, the 10 Hz binary bitstream at the top of Fig. 5.9c is used. With the ASK 

signal, as the driving signal is switched on and off the resonator energy ramps up and down over 

a duration inversely proportional to the loaded quality factor (Q
L
 ≈ 850) The ramping time limits 

the fundamental modulation rate for direct BASK to approximately 1/2T, where the time constant 

T = 3 × (2Q
L

ω⁄ ) ≈ 24.4 ms (corresponding to 95% settling from the peak value) for the 

demonstrated measurement. A fundamental design tradeoff must be considered to balance the 

inversely proportional data rate with the high Q desired for the radiation FoM. BFSK modulation 

is conducted within the 3-dB bandwidth of the PZT resonator corresponding to BFSK frequencies 

of f
1
 = 33.218 kHz and f

2
 = 33.248 kHz. The input is a continuous-phase FSK with no discontinuity 

when switching between the two frequencies. However, due to the phase difference of the 

 

Fig 5.9. Measured FSK modulation of the PZT PADA at different FSK data rates. (a) 5 Hz, and (b) 20 Hz 

FSK rate. (a, b) (Top) modulating signal, (middle) measured velocity, and (bottom) demodulated signal using 

signal source analyzer (SSA). (c) Peak-to-peak frequency difference (∆𝑓𝑑𝑒𝑚𝑜𝑑 = 𝑓2 − 𝑓1) after demodulation 

with SSA at different FSK rates. The upper limit for direct modulation using the 3-dB bandwidth is limited 

by frequency settling as the maximum direct modulation frequency is approached resulting in a distorted 

modulation waveform. 
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mechanical resonator at the two frequencies, the mechanical resonance is out of phase with the 

modulated driving signal when it is switched and ramping of the PZT edge velocity occurs while 

energy is transferred from one resonant frequency to another as seen in Fig. 5.8c (bottom). As the 

modulation frequency approaches the limit set by the frequency settling, although the amplitude 

of resonance is not diminished, the demodulated output signal is distorted as seen in Fig. 5.9a and 

5.9b.  

Modulation of the rod PADAs is conducted similarly to the disk. Modulation is investigated both 

for a single rod element, as well as for three elements connected in both a series and parallel array 

configuration. The measured admittance response of the single element and two array 

configurations is shown in Fig. 5.10a. The three array elements are chosen to have a small resonant 

frequency separation (<10 Hz) resulting in negligible frequency desynchronization of the parallel 

array. Input power to each resonator is kept constant across configurations, such that heating and 

thermal resonance shifts are constant, and the same resonant frequency is maintained. Due to the 

loading of the source impedance, the quality factor of the single PADA and PADA arrays is loaded. 

The series array exhibits the greatest motional resistance, and thus highest loaded Q and smallest 

3 dB bandwidth compared to the other configurations. An FSK frequency separation of 100 Hz 

between 71.54 and 71.64 kHz is chosen for each array to be within the 111 Hz 3 dB bandwidth of 

the series array and the measured modulation with a 5 Hz FSK rate is shown in Fig. 5.10b. The 

modulation of the single element is measured from the edge velocity using the setup shown in Fig. 

5.8a. Due to the different quality factors of the individual elements used in the arrays, each 

resonator exhibits a unique velocity magnitude, making it difficult to extract the array modulation 

from the velocities of the individual elements. Instead, the modulated magnetic field generated by 

the array is measured at a 0.5 m standoff using the SAS-565L loop antenna connected to the FSUP 

signal source analyzer. The stand-alone rod is not measured wirelessly due to the small signal-to-

noise ratio of the diminished radiated power. From Fig. 5.10b, some additional noise is added to 

the demodulated signal due the low signal-to-noise ratio of the measured signal. As the modulation 

rate is increased, the magnitude of the frequency separation diminishes due to the Q-defined 

settling rate exceeding the bit duration as shown in Fig. 5.11. Due to the diminished Q of the rod 

PADAs, the maximum direct modulation rate is nearly double the disk resonators, while also 

demonstrating greater efficiency. 
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Fig 5.10. Measured frequency response and modulation of rod PADAs both as single element and in 3-element 

series and parallel arrays. a, Measured frequency response of the three rod PADA configurations with a 100 

Hz FSK frequency separation chosen to be within the 3 dB bandwidth of all three configurations. b, 

Modulation of the three rod PADA configurations at 5 Hz. 

 

 

Fig 5.11. Peak-to-peak frequency difference (∆𝑓𝑑𝑒𝑚𝑜𝑑 = 𝑓2 − 𝑓1) after demodulation with SSA at different 

FSK rates. The upper limit for direct modulation using the 3-dB bandwidth is limited by frequency settling as 

the maximum direct modulation frequency is approached resulting in a distorted modulation waveform. 
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Chapter 6: Discussion and Future Work 

Despite the demand for portable VLF communication for long-range, low-power applications with 

modest bandwidth requirements, electrical antennas have proven untenable at VLF frequencies 

due to the inherently poor tradeoff between electrical size and efficiency. Acoustic antennas 

operating at wavelengths up to five orders of magnitude less than EM wavelengths have been 

considered as alternatives to overcome the inefficiency of sub resonance operating sizes. However, 

until recently, piezoelectric materials have been insufficient to meet demands for handheld 

communication. As shown in (2.15), efficient radiation requires both large electromechanical 

coupling coefficients and a high mechanical quality factor, which is difficult to achieve since most 

piezoelectric materials empirically exhibit an inverse relationship between these parameters. 

Moreover, the relative permittivity of the piezoelectric material must be as high as possible in order 

to relax the electrical breakdown limit of the surrounding medium and maximize the radiated 

power. Additionally, even if desirable piezoelectric material properties can be achieved, 

fabricating the piezoelectric geometry and orientation to achieve the desired fundamental acoustic 

resonance mode can prove difficult due to poling and material growth considerations. 

Unlike most electrical antennas where the far-field regime of VLF antennas occurs kilometers 

away from the source, far-field radiation from the ADMIRE can be measured as close as two 

meters. Typically, at distances less than a wavelength away from an antenna, the near-field reactive 

energy component is much larger than the far-field radiated energy. Since the reactive fields decay 

(1/𝑅2) much faster with distance than the radiated fields (1/𝑅), at some distance approximately 

one wavelength from the antenna the radiated field becomes larger than the reactive near-fields. 

However, the high relative permittivity of the PZT (~1000) confines most of the reactive energy 

inside of the PZT, greatly reducing the cross-over point where the radiated fields become dominant 

and allowing the radiated far-field to be directly measured at distances as close as two meters. 

Although such a close far-field region is unconventional for VLF electrical antennas, the 

theoretically predicted phenomena were experimentally verified as shown in Fig. 5.4 and Fig. 5.5 

where the measured magnetic field decays at a rate of 1/𝑅 beyond the cross-over point. Since the 

reactive fields are normally much larger than the radiated fields near the antenna, the reduction of 

the reactive fields due to confinement inside of the PZT limits the currently achievable 

communication distance of the ADMIRE prototype for near-field communications. However, the 
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high permittivity does not diminish the radiated fields, and as more efficient materials, designs, 

and power handling schemes are implemented, scaling the link distance is much more promising 

than for ESAs.   

To achieve orders of magnitude distance scaling without greatly increasing the size of transmitters, 

better designs are needed to harness the ultimate efficiency of piezoelectric antennas, which 

theoretically can be orders of magnitude greater than demonstrated here. In particular, higher 

coupling coefficient modes and materials provide significant promise for increasing efficiency. 

The demonstrated PZT PADAs are presented as a proof-of-concept and to lay the groundwork for 

piezoelectric antennas. From (2.15), maximizing resonator designs and materials with higher 𝑑2𝑉 

products will lead to improvements in efficiency. High coupling materials such as PMN-PT with 

piezoelectric coupling coefficients more than 10 times higher than PZT have the potential for even 

more drastic efficiency enhancement [132]. Although the quality factors (typically < 100 for 

current commercial availability) of relaxor ferroelectric materials such as PMN-PT are low, the 

massive coupling coefficients, more than 10 times the PZT coupling coefficient, compensate in 

(2.15) to potentially provide orders of magnitude enhancement in volumetric efficiency over the 

PADA demonstrated here. However, as discussed in Chapter 4, (2.15) is strictly a material 

efficiency and proper resonator design must be utilized to approach the theoretical material 

efficiency. For resonators comprised of a single material, fringing fields within the resonator is 

primarily determined by the area and separation of the exciting electrodes. Therefore, low aspect, 

ratio lateral vibrating resonators with small fringing fields show great promise for approaching the 

material efficiency limit.  

 

The demonstrated PZT PADAs are constrained to operate in fundamental resonance modes in 

order to minimize internal current cancelation and maximize efficiency. However, additional work 

is needed to investigate the potential for higher-order extensional modes. Strictly from a material 

standpoint, higher-order extensional modes result in diminished efficiency due to canceling current 

elements as discussed in [55], however as discussed in Chapters 3 and 4, resonator efficiency is 

also diminished due to displacement fields from the PADA electrodes. For the case of higher aspect 

ratio resonators such as the rod PADA, the fringing field from the electrodes results in significant 

piezoelectric charge neutralization and lost efficiency. If electrode configurations in higher-order 

mode resonators are chosen to neutralize the opposing charge portion of the resonator, higher 
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frequency modes may be possible without significant loss in efficiency, allowing higher frequency 

operation without sacrificing element size.  

 

Although the current measurement distance is limited, the short standoff is primarily limited by 

power handling considerations and is not indicative of the ultimate communication distance of 

acoustic antennas. Thermal dissipation in the demonstrated PADA limits the input power to be 

well below the mechanical (ultimate stress) or electrical (breakdown) driving limits. Improving 

temperature control to achieve greater power handling or implementing arrays of PADAs, where 

phase synchronization is simplified by the moderate Q, can enable a significant improvement in 

the PADA range. In particular, arrays show great promise for PADA systems operating above 

VLF, where the physical size of individual elements is constrained by the acoustic wavelength of 

the resonant mode and element volume is reduced. PADA radiation efficiency scales with volume 

and the cube of frequency, but due to the intrinsic relationship between operating frequency and 

resonator size, that ratio is roughly constant as the frequency is increased. Arrays allow for the 

effective volume to be maintained, such that effective efficiency scales as frequency cubed similar 

to electrical antennas. Additionally, the negligible coupling between adjacent, higher permittivity 

PADA elements allows for a compact array with high volumetric efficiency. Due to the large 

electromagnetic wavelength and relatively weak individual element radiation, it is unlikely that 

PADA arrays will exhibit significant beam-forming capabilities, however, additional work must 

be conducted to verify the capabilities large PADA arrays. 

High coupling, lower quality factors also provide the potential for larger bandwidths and greater 

data rates. PADA modulation is demonstrated here with continuous phase BFSK in order to avoid 

amplitude settling. The directly modulated PADA achieved modulation rates of up to 90 bps, 

which could potentially be increased to beyond 1 kbps in PMN-PT antennas (Q = 100) without 

loss of efficiency. If much faster modulation rates are required, implementing additional circuitry 

such as reactive tuning elements for DAM to avoid settling times or improving the receiver 

demodulation scheme can be adopted. Further investigation is required to modulation of PADA 

arrays consisting of resonators with non-uniform quality factors and resonant frequencies. 
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Appendix A: PZT Material Properties 

The PZT elements (PIC-181) were bought commercially from PI Ceramics (www.piceramic.com). 

Relevant material properties necessary for PADA modeling and design are given below. Material 

properties are characterized by the manufacturer prior to shipping and therefore may vary slightly 

from the manufacturer’s website. 

𝜀𝑟
𝑇 = [

1224 0 0
0 1224 0
0 0 1135

] 

𝜀𝑟
𝑆 = [

740 0 0
0 740 0
0 0 624

] 

𝑑 = [
0 0 0
0 0 0

−108 −108 253

0 389 0
389 0 0
0 0 0

]  pC/N 

𝑒 = [
0 0 0
0 0 0

−120 −120 265

0 475 0
475 0 0
0 0 0

]  C/m2 

𝑆𝐸 =

[
 
 
 
 
 
11.75 −4.07 −4.996 0 0 0
−4.07 11.75 −4.996 0 0 0
−4.996 −4.996 14.11 0 0 0

0 0 0 35.3 0 0
0 0 0 0 35.3 0
0 0 0 0 0 31.6]

 
 
 
 
 

 pm2/N 

𝐶𝐸 =

[
 
 
 
 
 
152.3 89.09 85.47 0 0 0
89.09 152.3 85.47 0 0 0
85.47 85.47 134.1 0 0 0
0 0 0 28.3 0 0
0 0 0 0 28.3 0
0 0 0 0 0 31.61]

 
 
 
 
 

 GPa 

  

http://www.piceramic.com/
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Appendix B: Measurement Equipment 

The following is a list of all measurement equipment used for the data collection presented here. 

Tektronix AFG3152C function generator: Used to generate all input signals to the PADA 

elements including single-tone excitation for radiation measurements, frequency swept excitation 

for admittance measurements, and modulated excitation including FSK, ASK and BASK for 

modulation measurements. 

50x Trek model 2100HF amplifier: Used for all radiation measurement to step up the voltage 

produced by the Tektronix AFG3152 function generator and increase the input power and thus the 

radiated power.  

Agilent E4445A spectrum analyzer: Used in all characterization measurements to measure both 

the admittance response of the PADAs as well as the power consumed by the PADAs. Power 

consumption is measured separately from radiation due to the ground loops in the characterization 

measurement setup generating a large magnetic field that dominates the PADA radiation.  

Stanford Research Systems SR865A lock-in amplifier: Used to measure the fields generated by 

the PADAs by measuring the voltage across the receiver loop terminals. The lock-in amplifier is 

frequency locked to the function generator signal and the DC component of the reference lock-in 

frequency mixed with the received signal is low-pass filtered to minimize spectral noise. 

Polytec OFV-5000 laser vibrometer: Used to measure the edge velocity of the PZT resonators. 

Since the magnetic field is proportional to piezoelectric current, and piezoelectric current is 

proportional to edge velocity, radiation is extracted from measured velocity to compared to the 

measured fields. The velocity measured by the laser vibrometer is also used to measure the 

modulation of individual rod and disk elements as demonstrated in Figs. 5.8-5.11 as well as their 

thermal nonlinearity as shown in Fig. 4.19 and Fig. 4.20. 

ROHDE & SCHWARZ FSUP signal source analyzer: Used to demodulate the modulated 

PADA signals measured by both the laser vibrometer and the passive loop antenna as shown in 

Figs. 5.8-5.11. 
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Schwarzbeck FMZB 1519B: Active loop antenna used to verify the antenna factor of the SAS-

565L passive loop antenna. Measurements using the SAS-565L passive loop antenna are 

prioritized due to no battery life limitation and lower noise floor.  

A.H. Systems SAS-565L 24” passive shielded loop antenna: Used in all reported magnetic field 

measurements. The voltage across the antenna terminals is measured using the lock-in amplifier 

when measuring the radiated signal at a single input frequency as in Figs. 5.4-5.6, with the 

spectrum analyzer when measuring radiation as a function of frequency as in Fig. 5.7, or with the 

signal source analyzer when measuring the modulation radiation as in Fig. 5.10 and Fig. 5.11. 

Calibration of the SAS-565L antenna is conducted by the manufacturer. The calibrated antenna 

factors defined in (B.1) and (B.2) are given in Table B.1. 

Electric Field Antenna Factor: 

𝐴𝐹𝐸 =
𝐸

𝑉
,    𝐴𝐹𝑑𝐵

𝑚

𝐸 = 𝐸𝑑𝐵𝑉
𝑚

− 𝑉𝑑𝐵𝑉 (B. 1) 

Magnetic Field Antenna Factor: 

𝐴𝐹𝐻 =
𝐻

𝑉
,    𝐴𝐹𝑑𝐵

𝑚

𝐻 = 𝐻𝑑𝐵𝐴
𝑚

− 𝑉𝑑𝐵𝑉 (B. 2) 

Table B.1: E- and H-field Calibrated Antenna Factors 

Frequency 

(KHz) 

E-Field AF 

(dB/m) 

H-Field AF 

(dB/m) 

Frequency 

(KHz) 

E-Field AF 

(dB/m) 

H-Field AF 

(dB/m) 

Frequency 

(KHz) 

E-Field AF 

(dB/m) 

H-Field AF 

(dB/m) 

0.02 117.67 66.17 17 60.16 8.66 95 51.904 0.404 

0.03 113.695 62.195 18 59.737 8.237 100 51.87 0.37 

0.04 111.366 59.866 19 59.306 7.806 110 51.744 0.244 

0.05 109.578 58.078 20 58.884 7.384 120 51.596 0.096 

0.06 108.391 56.891 21 58.601 7.101 130 51.457 -0.043 

0.07 107.427 55.927 22 58.303 6.803 140 51.369 -0.131 

0.08 105.906 54.406 23 57.995 6.495 150 51.318 -0.182 

0.09 104.713 53.213 24 57.813 6.313 160 51.256 -0.244 

0.1 103.785 52.285 25 57.484 5.984 170 51.215 -0.285 

0.2 98.164 46.664 26 57.012 5.512 180 51.166 -0.334 

0.3 94.721 43.221 27 56.7 5.2 190 51.118 -0.382 

0.4 91.813 40.313 28 56.456 4.956 200 51.095 -0.405 

0.5 89.891 38.391 29 56.302 4.802 210 51.081 -0.419 

0.6 88.252 36.752 30 56.204 4.704 220 51.05 -0.45 
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Table B.1: E- and H-field Calibrated Antenna Factors (cont.) 

Frequency 

(KHz) 

E-Field AF 

(dB/m) 

H-Field AF 

(dB/m) 

Frequency 

(KHz) 

E-Field AF 

(dB/m) 

H-Field AF 

(dB/m) 

Frequency 

(KHz) 

E-Field AF 

(dB/m) 

H-Field AF 

(dB/m) 

0.8 85.293 33.793 32 55.916 4.416 240 51.035 -0.465 

0.9 84.859 33.359 33 55.742 4.242 250 51.002 -0.498 

1 84.188 32.688 34 55.548 4.048 260 50.97 -0.53 

1.5 80.324 28.824 35 55.358 3.858 270 50.938 -0.562 

2 77.962 26.462 36 55.251 3.751 280 50.921 -0.579 

2.5 75.884 24.384 37 55.144 3.644 290 50.95 -0.55 

3 74.507 23.007 38 55.026 3.526 300 50.96 -0.54 

3.5 73.245 21.745 39 54.859 3.359 320 50.908 -0.592 

4 71.902 20.402 40 54.691 3.191 340 50.964 -0.536 

4.5 71.243 19.743 41 54.537 3.037 360 50.921 -0.579 

5 70.143 18.643 42 54.418 2.918 380 50.938 -0.562 

5.5 69.424 17.924 43 54.299 2.799 400 50.687 -0.813 

6 68.455 16.955 44 54.208 2.708 420 50.926 -0.574 

6.5 67.848 16.348 45 54.157 2.657 440 51.049 -0.451 

7 67.152 15.652 46 54.105 2.605 460 50.944 -0.556 

7.5 66.591 15.091 47 54.044 2.544 480 50.542 -0.958 

8 66.069 14.569 48 53.976 2.476 500 50.377 -1.123 

8.5 65.646 14.146 49 53.908 2.408 550 50.414 -1.086 

9 65.138 13.638 50 53.836 2.336 600 51.046 -0.454 

9.5 64.699 13.199 55 53.351 1.851 650 51.011 -0.489 

10 64.27 12.77 60 52.929 1.429 700 50.448 -1.052 

11 63.495 11.995 65 52.634 1.134 750 50.508 -0.992 

12 62.761 11.261 70 52.571 1.071 800 51.016 -0.484 

13 62.333 10.833 75 52.41 0.91 850 51.47 -0.03 

14 61.768 10.268 80 52.307 0.807 900 51.435 -0.065 

15 61.109 9.609 85 52.241 0.741 950 51.293 -0.207 

16 60.556 9.056 90 52.076 0.576 1000 51.223 -0.277 
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Appendix C: Rod Fabrication, Characterization and Array 

Assembly 

A mock-up of the rod resonator fabrication is shown in Fig. 4.9. A nitric acid resistant adhesive 

polyvinyl chloride tape mask is patterned using a 3 mm diameter hole punch and manually 

positioned on the top and bottom surface of the PZT rod. Due to the moderate adhesion between 

the PZT and silver electrode, during tape mask delamination after electrode definition, the silver 

electrode can be peeled off the PZT along with the tape mask, causing electrode deformation as 

shown in Fig. C.1a. Both a Sn60:Pb40 solder and an MG Chemicals 8331-14G conductive silver 

epoxy are used to mechanically and electrically fix the silver electrodes to the copper lead wires. 

In order to minimize the thermal depolarization of the PZT, the solder temperature is kept below 

the reported 330o C Curie temperature of the PZT. Since thermal depolarization begins to occur 

below the Curie temperature [133], soldering prioritized minimizing the temperature rise in the 

PZT. Solder temperature is maintained at 300o C to balance the tradeoff between a high 

temperature, short-duration contact and a lower temperature, longer duration contact. Due to the 

relatively low thermal conductivity of the PZT [~1.3 W/(m-K)] which is more than 100 times 

lower than the thermal conductivity of the silver electrodes, PZT surface temperature near the 

solder contact is maintained below 65o C as measured by an Etekcity laser infrared thermometer 

temperature gun.  However, the temperature from the solder can cause delamination of the silver 

electrodes from the PZT as shown in Fig. C.1b due to the stress generated at the silver-PZT 

interface from the thermal expansion of the silver film [134]. Partial delamination of the electrodes 

can lead to frequency misalignment or spurious mode generation as shown in Fig. 4.13. 
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Fig. C.1. Delamination of the silver electrode from PZT. (a) Peeling of the silver electrode during etch mask 

removal. (b) Removal of the silver electrode where hot solder is applied due to delamination. 

Silver epoxy is substituted for the solder connections as a low-temperature alternative with 

negligible change in resonator quality factor. However, the silver epoxy exhibited moderate 

adhesion to the silver electrodes, resulting in potential delamination due to applied mechanical 

stress in the assembly process as shown in Fig. C.2a. Additionally, while the epoxy exhibited 

relatively stronger static adhesion to the copper wire, after resonant PADA operation the adhesion 

between the wire and silver epoxy weakens, likely due to the vibration of the rod resonator, 

particularly when driven at resonance with Pin > 0.2 W. As adhesion deteriorates, electrical 

conductivity diminishes, resulting in increased electrical loading of the resonator and inconsistent 

power delivered to the resonator. Figure C.2b shows the gap between the silver epoxy and copper 

wire due to loosening after operation, while Fig. C.2c shows a cavity in the epoxy after a loosened 

wire has fallen out. Due to the lack of robustness of the epoxied connections over sustained 

operation time and elevated input powers, soldered connections are opted for array operation.  
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Fig. C.2. Dynamic robustness of silver conductive epoxy adhesion. (a) Removal of the silver electrode where 

hot solder is applied due to delamination caused by mechanical adhesion between silver electrodes and silver 

epoxy. (b) Loosening of silver epoxy adhesion to the copper wire during PADA operation. (c) Loose copper 

wire removed from epoxy after PADA operation due to lack of adhesion. 

Characterization of individual rods was conducted by epoxying or soldering copper, 30 AWG wire 

to the top and bottom electrodes. BNC-to-alligator clips are then used to connect the top electrode 

to the input signal from the Tektronix AFG3152C function generator and the bottom electrode to 

the Agilent E4445A spectrum analyzer to characterize the admittance response of the individual 

rod resonators as a function of input power and frequency. Multiple clamping configurations are 

considered to hold the resonators with examples shown in Fig. C.3. The rod PADAs were position 

with both the flat ends and rounded sides resting on both a rigid wood surface and a rigid foam 

surface as shown in Fig. C.3a and Fig. C.3b. Additionally, a metallic fixture with a half-circle cut-

out as shown in Fig. C.3c was used to hold the resonator from the thickness-extensional 

displacement null which occurs at the resonator midpoint in the thickness direction as shown in 

Fig. 4.4. Negligible difference in mechanical Q is measured for the different configurations, and 

therefore the vertical orientation of the rods with the bottom surface resting flat on two wooden 

slates as shown in Fig. C.4 is chosen for simple implementation. Extrinsic mechanical clamping 

and anchor losses are common sources of Q degradation in acoustic resonators, however, for the 

PZT rod PADAs with a mechanical Q of approximately 1000, the negligible change in Q with the 

different types of fixtures indicates that intrinsic material losses are the dominant form of loss. For 

higher quality factor PADAs, additional care may be needed to minimize extrinsic losses in the 

packaging configuration. 
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Fig. C.3. Examples of fixtures for rod PADA. (a) End of rod PADA placed on a rigid wood base. (b) Side of 

rod PADA placed semi-rigid foam base. (c) Thickness extensional resonance null placed on a rigid clamp. 

Due to the solder ball deforming the flatness of the bottom surface of the rod PADA elements, the 

rod elements are mounted on two parallel wooden slates with a diameter greater than the solder 

ball. The slates increase the mechanical stability of the array and ensure that all rod elements are 

oriented vertically for alignment to the receiving antenna.  

 

Fig. C.4. Rod PADA array elements mounted on wooden slates to ensure vertical alignment. 
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