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 Increasingly stringent design constraints imposed by compact 
wireless devices for telecommunications, defense, and aero-
space systems require the miniaturization of antennas. Unlike 
most electronic components, which benefi t from decreased size, 
antennas suffer limitations in gain, effi ciency, system range, and 
bandwidth when their size is reduced below a quarter-wavelength. 
The electrical size of the antenna is measured by its  ka  value, 
where  k  is the wavenumber ( k   =  2 π /  λ ,    λ    =  wavelength at the 
operating frequency) and  a  is the radius of the smallest sphere 
that circumscribes the antenna. Antennas are considered to 
be electrically small when  ka   ≤  0.5. Recent attention has been 
directed towards producing radiofrequency identifi cation (RFID) 
antennas by screen-printing, [  1  ]  inkjet printing, [  2  ]  and liquid metal-
fi lled microfl uidics [  3–5  ]  in simple motifs, such as dipoles and 
loops. However, these fabrication techniques are limited in both 
spatial resolution and dimensionality; yielding planar antennas 
that occupy a large area relative to the achieved performance. 

 Omnidirectional printing of metallic nanoparticle inks offers 
an attractive alternative for meeting the demanding form fac-
tors of 3D electrically small antennas (ESAs). We have previ-
ously demonstrated that fl exible, stretchable, and spanning 
silver microelectrodes with features as small as  ∼ 2  µ m can be 
patterned both in and out-of-plane (e.g., spanning arches) on 
fl at substrates by this approach. [  6  ]  Here, for the fi rst time, we 
demonstrate the conformal printing of silver nanoparticle inks 
on curvilinear surfaces to create electrically conductive meander 
lines. When interconnected with a feed line and ground plane, 
the resulting 3D ESAs exhibit performance properties that 
nearly match those predicted theoretically for these optimized 
designs. 

 Antennas act as effective transducers between free space 
and guided waves over a range of frequencies, known as their 
impedance bandwidth. The impedance of most small antennas 
can be approximated by a single resistor-inductor-capacitor 
(RLC) circuit, and their bandwidth is inversely proportional to 
their radiation quality factor ( Q ), defi ned as the ratio of energy 
stored to energy radiated. [  7  ]  Because of this inverse relationship, 
a low  Q  serves to increase bandwidth, and therefore the data 
rate over a given wireless channel. However, a fundamental 
relation exists between the antenna size and  Q . [  8  ,  9  ]  As the max-
imum dimension decreases below a wavelength, the bound on 
the minimum attainable  Q  rapidly increases, a phenomenon 
commonly referred to as Chu’s limit – an important fi gure of 
merit for antenna performance. While Thal recently derived 
a more accurate bounding limit, [  10  ]  both limits depend on the 
electrical size of the antenna. For decades, researchers have 
sought antenna designs that approach these fundamental lower 
limits. However, prior efforts, such as those based on genetic 
algorithms [  11  ,  12  ]  lack fl exibility, since their output cannot be 
modifi ed in a straightforward manner when design specifi ca-
tions change. 

 Our 3D electrically small antennas are fabricated by con-
formal printing of metallic inks onto convex and concave hemi-
spherical surfaces in the form of conductive meander lines 
( Figure  1  A). Their bandwidth approaches the fundamental limit 
for their size, offering nearly an order of magnitude improve-
ment over rudimentary monopole antenna designs. With this 
approach, antennas can be rapidly adapted to new specifi ca-
tions, including other operating frequencies, device sizes, or 
encapsulated designs that offer enhanced mechanical robust-
ness. Our ESA design is based on the fundamental principle 
that antennas fi lling a spherical volume most closely approach 
Chu’s limit, thus yielding signifi cant bandwidth improve-
ments relative to their linear and planar counterparts. [  13–15  ]  This 
antenna, fi rst constructed manually as a helical prototype [  13  ]  
(Figure S1, Supporting Information), excites the fundamental 
transverse magnetic (TM 10 ) spherical mode, which has the 
lowest  Q . [  10  ]   

 To demonstrate our new design, we create four electrically 
small antennas (ESA1 – 4) of varying  ka , operating frequency, 
and meander line size. Each antenna is constructed by con-
formal printing of a concentrated silver nanoparticle ink [  6  ,  16  ]  
in a digitally programmed meander line pattern onto either 
the exterior (convex) or interior (concave) surface of a hollow 
glass hemisphere. Unlike planar substrates, the surface normal 
is constantly changing on curvilinear surfaces, which presents 
added fabrication challenges. To conformally print features 
on hemispherical substrates, the silver ink must strongly wet 
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the surface to facilitate patterning even when the deposition 
nozzle (100  µ m diameter) is perpendicular to surface normal 
(e.g., at the substrate base). In some cases, the nozzle is bent at 
an angle that ranges from 10–45 °  to further facilitate printing. 
For example, this modifi cation is necessary when the nozzle 
diameter is reduced to 30  µ m. After printing and annealing at 
550  ° C, the patterned meander lines exhibit an electrical resis-
tivity of  ∼ 5  ×  10  − 6   Ω  · cm. Each antenna is then matched to have 
a 50  Ω  impedance at the operating frequency, as previously 
reported. [  13  ]  The designs are simulated in a 3D full-wave electro-
magnetic fi eld solver (HFSS, Ansoft Inc.) and their geometric 
parameters are summarized in Table S1 (Supporting Informa-
tion). Note that the antenna’s operating frequency is deter-
mined primarily by the printed conductor cross-section and the 
spacing (or pitch) between meander lines within each arm. 

 The antennas’ impedance and radiation behavior are meas-
ured by a network analyzer. Using this method, the voltage 

standing wave ratio (VSWR) quantifi es how well energy can be 
coupled from the source to the antenna. A VSWR of 1 indicates 
perfect coupling between source and antenna, while higher 
values of VSWR indicate increasingly poor coupling. The 
impedance bandwidth of the antenna is defi ned as the frequen-
cies between which the VSWR is below a specifi ed level. We 
measure the half-power bandwidth, a common fi gure of merit 
corresponding to a VSWR of 5.83 (see Experimental Section). 
Additionally, we measured the antenna’s radiation effi ciency, 
 i.e. , the ratio of the radiated power to the total accepted power. 
The effi ciency has an impact on the bandwidth, range, and 
fundamental limits, and its determination requires a Wheeler 
Cap measurement [  17  ]  (see Experimental Section). The electrical 
characteristics of each antenna are summarized in  Table  1  .   

Figure  1 B shows a representative antenna (ESA1) being 
patterned on the outer surface of the glass hemisphere; a 
video of this process is also provided (Video S1, Supporting 

   Table  1.     Radiation characteristics of each antenna and their normalized Q values (measured Q divided by Chu and Thal limits). 

Design  ka Center Frequency [GHz] Bandwidth Effi ciency  Q  Q/Q Chu   Q/Q Thal  

ESA1 0.46 1.73 15.2% 71% 13.1 1.5 1.1

ESA2 0.21 0.79 6.3% 14% 31.9 2.0 1.4

ESA3 0.49 3.57 12.1% 63% 16.5 2.5 1.8

ESA4 0.45 1.70 12.6% 66% 15.9 1.8 1.4

    Figure  1 .     A) Schematic illustration of an electrically small antenna with labeled geometric parameters. B) Optical image of an antenna during the 
printing process. C) Optical images of a completed antenna (ESA1) in side and top (inset) views. D) Optical profi lometry scan of representative mean-
derlines on ESA1 with the background surface subtracted and scanning electron microscopy image of these features (inset).  
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 The VSWR characteristics and impedance measurements of 
a representative ESA1 are shown in  Figures  2  A and B, respec-
tively. The antenna’s measured center frequency is 1.73 GHz 
with a 5.83:1 bandwidth of 15.2%. To demonstrate the robust-
ness and repeatability of this patterning technique, we printed 
multiple antennas with ESA1 parameters and acquired the 
VSWR data shown in Figure S2 (Supporting Information). The 
antennas’ center frequencies range from 1.69 to 1.74 GHz, 
indicating that our fabrication process provides excellent con-
trol and reproducibility. The effi ciencies of these antennas fall 
within the range of 68% to 72%, very close to the predicted 
value of 66%. Their effi ciency, which is reasonable for an 
ESA of this size, is primarily affected by the resistivity of the 
meander line arms. We note that replacing them with copper, 
which has a three-fold lower resistivity, would only improve the 

Information). The printed antenna consists of tapered silver 
meander line “arms” that are affi xed to patterned copper feed 
lines on a low-loss laminate substrate. An image of the com-
pleted antenna (ESA1), with a substrate radius of 12.7 mm,  ka   ∼  
0.5, and a targeted operating frequency of 1.7 GHz, is shown in 
Figure  1 C. In addition, 3D microcomputed tomography recon-
struction is provided in Video S2 (Supporting Information). 
The cross-section of the printed meander lines is determined 
by an optical profi lometry scan of two meander lines located 
ten horizontal arc segments from the base, shown in Figure  1 D .  
The inset shows a scanning electron microscopy (SEM) image 
of these segments, which reveals the precise control of meander 
line width and spacing. We approximate the meander line 
cross-section by a 100  µ m  ×  20  µ m rectangle, which is used in 
the design simulations described above. 

    Figure  2 .     A) Measured and simulated VSWR versus frequency response for a representative antenna (ESA1). B) Measured and simulated impedance 
versus frequency response for this antenna. Normalized radiation pattern (dB) in C) elevation or  xz -plane and D) in azimuth or  xy -plane for this antenna.  
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 In summary, we have demonstrated the conformal printing of 
3D electrically small antennas, whose performance approaches 
the Chu limit. Our fundamental design approach enables speci-
fi cation of both operating frequency and size, while achieving 
near-optimal bandwidth at several frequencies of interest for 

antenna effi ciency by 5–10%. Applying the relation between  Q  
and bandwidth, [  7  ]  we fi nd that the antenna’s  Q  is 13.1. This  Q  
value is 1.5 ×  the Chu limit and 1.1 ×  the Thal limit, representing 
a greater than 50% improvement in performance relative to the 
helical antenna reported by Adams and Bernhard [  13  ]  and nearly 
an order of magnitude bandwidth increase compared to a con-
ventional monopole design. Given that this antenna closely 
approaches the Thal limit, its design is essentially optimum 
for its size. For completeness, the antenna’s radiation pattern is 
shown in Figures  2 C,D. Importantly, we fi nd that ESA1 exhibits 
excellent performance relative to the fundamental limits as well 
as good agreement with simulations.  

 Next, we demonstrate two approaches to tailoring the center 
operating frequencies of these electrically small antennas. In 
the fi rst approach, we create an antenna (ESA2) with a smaller 
electrical size ( ka   ∼  0.2) by conformal printing of four con-
ductive meander line arms on the convex surface of an iden-
tical glass hemisphere ( a   =  12.7 mm), targeting an operating 
frequency in the 700 MHz band. This spectrum is highly 
valued for mobile communications due to its propagation 
characteristics. In the second approach, we create an antenna 
(ESA3) of nominally the same  ka   ∼  0.5 on the convex surface 
of a smaller glass hemisphere ( a   =  6.55 mm), raising the tar-
geted frequency to 3.6 GHz. In this case, the eight meander 
line arms are patterned by conformally printing the silver 
nanoparticle ink through a 30  µ m nozzle to yield a three-fold 
reduction in their characteristic dimensions. Optical images of 
both antennas are provided in Figure S3 (Supporting Informa-
tion) along with their measured VSWR values. The measured 
center frequency of ESA2 is 790 MHz with a 5.83:1 bandwidth 
of 6.3%, while its measured effi ciency is 14%. This reduced 
effi ciency is expected in antennas at smaller electrical sizes. [  18  ]  
While the bandwidth is widened by the lower effi ciency, no net 
effect is observed in the ratio of the antenna’s  Q  to the Chu 
and Thal limits [  7  ,  19  ]  (see Experimental Section). These ratios 
are slightly higher than the ESA1, because ESA2 only has four 
arms. As the number of arms increases, the radiating portion 
of the antenna more completely fi lls the spherical volume and 
exhibits a lower  Q . [  13  ]  By contrast, ESA3 possesses  Q  ratios that 
are slightly higher than the other designs, because the thick-
ness-to-diameter ratio of small glass hemisphere substrate is 
higher, and more energy is stored in this higher permittivity 
material than in air. The measured center frequency of ESA3 
is nominally 3.6 GHz with a 5.83:1 bandwidth of 12.1%, while 
its measured effi ciency is 63%. 

 To fabricate an antenna that can withstand mechanical han-
dling, we conformally printed the fourth antenna (ESA4) on 
the interior surface of the glass hemisphere. The substrate is 
embedded in a PDMS mold to hold it in place during printing 
( Figure  3  A); see Video S3 (Supporting Information) for a video 
of this process. After printing is completed, the patterned struc-
ture is removed from the mold. In this motif, the hollow glass 
hemisphere serves as a protective barrier, allowing the device 
to be easily handled and mounted on a low-loss laminate sub-
strate (Figure  3 B). Designed to perform nearly identically to 
ESA1, this antenna exhibits a  Q  close to the lower bound. The 
measured VSWR of ESA4 is shown in Figure  3 C. Its center fre-
quency is at 1.70 GHz with bandwidth and effi ciency of 12.6% 
and 66%, respectively.  

    Figure  3 .     A) Optical image of an antenna (ESA4) being printed onto 
the interior surface of a glass substrate embedded in a PDMS mold. 
B) Optical images of this antenna before (inset) and after connecting 
to the feedlines. C) Measured and simulated VSWR versus frequency 
response.  
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and a continuous-wave (CW) signal excites the antenna. The power radiated 
in one direction is measured by a standard gain horn antenna, and the AUT 
is rotated by a positioner to obtain a 360° radiation pattern. 

  Q calculations:  The Chu and Thal limits are easily calculated once the  ka  
value is known. The Chu limit [  8  ,  9  ]  for a lossless antenna is related to  ka  as 

( )3ChuQ ka ka
+= 1 1

 and the Thal limit is calculated from the Chu limit using tabulated 
values. [  10  ]   Q  is reduced proportionally to radiation effi ciency, [  7  ]  and so 
the Chu and Thal limits must be scaled by the effi ciency. [  19  ]  Fractional 
bandwidth (FBW), defi ned as the absolute bandwidth divided by the 
center frequency and expressed as a percentage, is related to  Q  as 

1s
FBW Q

−
=

√
−s

 where  s  is the VSWR at which the bandwidth is defi ned. Note that the 
half-power bandwidth is defi ned by the VSWR level 5.83 because the 
percentage of incident power that is refl ected by the antenna is related 
to the VSWR by 
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 For half of the incident power to be refl ected,  s   =  5.828.     

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.    
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wireless communications. The ability to conformally print 
antennas that are compact and encapsulated within their sup-
port substrate further enhances their mechanical robustness. 
More broadly, conformal printing of conducting features may 
enable several applications, including fl exible, [  20  ,  21  ]  implant-
able [  22  ]  and wearable [  23  ]  antennas, electronics, and sensors.  

 Experimental Section 
  Ink preparation and hemisphere substrate alignment : Concentrated 

silver nanoparticle ink ( ∼ 72 wt% silver) [  6  ]  is loaded into a micronozzle 
with inner diameter,  d  inner , of 100  µ m (Part 7018462, Nordson EFD) or 
30  µ m (pulled-glass capillary, P-2000, Sutter Instrument) and mounted 
onto a three-axis positioning stage with nanoscale resolution (positional 
accuracy  =  50 nm, ABL 9000, Aerotech). The 1.2 mm thick glass 
hemisphere (Pyrex 7740, Ace Glass) is affi xed to a glass slide, centered 
onto a precision rotation stage (sensitivity  =  15 arc · s, M481-A, Newport), 
and secured to the stage. The hemisphere is aligned in the  xy -plane to 
the nozzle by performing consecutive circular revolutions of radius  =   a   +  
 d outer  , where  d outer   is the outer nozzle diameter, at the hemisphere base 
until minimal or no contact is made between the nozzle and hemisphere. 
Markers are printed onto the glass slide at intervals demarcating start 
points for each arm. A design fi le for the printing stage control program 
is generated with custom computer-aided design software by entering 
parameter values for  a ,  d inner  ,  d outer  , the number of meander line arms,  n , 
the angle each arm subtends at its base,   α  , the printed wire width,  w , the 
pitch or center-to-center spacing within a meander line,  p , the radius of 
the non-printed region at the hemisphere apex,  r , and print speed,  v . In 
this work,  v  ranged from 100–1000  µ m s  − 1 . 

  Antenna fabrication : After substrate alignment, each antenna is conformally 
printed by loading and executing the design fi le as well as programming 
stop and start fl ow commands between meander line arms. In some 
cases, a bent micronozzle (bend angle  =  10–45 ° ) is used, which is loaded 
with ink, aligned to the markers and hemisphere, and a single arm is printed 
from a given start point. After fi nishing the arm and ceasing ink fl ow, the 
nozzle returns to the original start point, the hemisphere is precisely rotated 
to the next marker, and another arm is printed, continuing with additional 
arms in the same fashion. The approximate build time for a single antenna 
depends upon the design and print speed and ranges from roughly 30 min 
to 3 h. After printing, each antenna is heat treated to 550  ° C in air for 3 h to 
form highly conductive silver traces. 

  Laminate substrate patterning and antenna attachment : The low-loss, 
copper-clad laminate substrate (Duroid 5880, Rogers Corp.) is patterned 
on one surface with a printed circuit board prototyping mill (Quick Circuit 
5000, T-Tech Inc.) to create a feed line pattern. Next, a via is drilled through 
the feed line center and a 50  Ω  SubMiniature version A (SMA) connector 
is affi xed to the patterned feed line and ground surface with solder. Finally, 
the printed antenna is aligned with the copper feed lines and attached 
with nonconductive epoxy in the non-patterned regions. After curing, the 
meander lines are electrically connected to the feed lines with conductive 
silver epoxy. The completed antennas are characterized with an optical 
profi lometer and scanning electron microscope. 

  Antenna measurements : Each antenna is secured to a copper ground 
plane (radius  =  30 cm). Impedance measurements are taken using a 
vector network analyzer (E8363B, Agilent Technologies). After recording 
the free-space impedance characteristics of the antenna, a Wheeler cap is 
placed over the antenna and electrical connection to the ground plane 
is ensured. The Wheeler cap is a metallic box that shorts out the antenna’s 
far-fi eld radiation, enabling separate measurement of the radiation and loss 
mechanisms. [  17  ]  A variety of Wheeler cap sizes were used in this work to 
avoid cavity resonances that result in erroneous measurements in certain 
frequency ranges. Using the measurements from the Wheeler cap and 
free-space, the effi ciency is calculated using methods from the literature. [  17  ]  
Finally, the radiation pattern of the antenna is measured in the Illinois 
Wireless Wind Tunnel, an anechoic chamber that simulates infi nite free-
space. The antenna under test (AUT) is placed in the center of the chamber 
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