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Abstract—Dielectric reflectarray antennas are proposed as a
promising low-loss and low-cost solution for high gain terahertz
(THz) antennas. Variable height dielectric elements are used in the
reflectarray designs, which allow for the use of low dielectric-con-
stant materials. Polymer-jetting 3-D printing technology is utilized
to fabricate the antenna, which makes it possible to achieve rapid
prototyping at a low-cost. Numerical and experimental results
are presented for 3 different prototypes operating at 100 GHz,
which show a good performance. Moreover the methodology
proposed here is readily scalable, and with the current material
and fabrication technology, designs up to 1.0 THz can be realized.
This study reveals that the proposed design approach is well suited
for low-cost high-gain THz antennas.

Index Terms—Array antennas, dielectric antenna, material loss,
optical antennas, reflectarray, terahertz.

I. INTRODUCTION

T ERAHERTZ technology is rapidly emerging as the new
frontier of electromagnetic research, while merging the

gap between microwave and optical development communities.
Despite this increased interest in THz technology and applica-
tions, little commercial emphasis has been placed on THz sys-
tems [1]. This is perhaps due to the numerous new challenges
that need to be addressed for practical implementation of THz
technology at a wide scale. For antenna engineers, the special re-
quirements of terahertz instruments, demand new antenna con-
cepts and also new ways of implementing already established
designs [2]. In many applications of THz systems, such as radio
astronomy, remote sensing, and radar, large reflector antennas
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with high surface accuracy and light weight are required. These
designs however are typically high cost due to the high preci-
sion required for fabrication.
Reflectarray antennas on the other hand, combine some of the

best features of reflectors and array antennas, and create a hybrid
high-gain design with low-mass, low-profile, and also low-cost
features [3], [4]. Most reflectarray antenna research in the recent
years however has been in the microwave and sub-millimeter
range [5]–[8]. While microwave concepts can generally be ex-
tended to THz, at the short-wavelength region, several factors
come into play that complicate the antenna design. Of these fac-
tors, themost important is arguably the element loss.Reflectarray
antennas at THz frequencies were investigated in [9]–[11]. In
these designs variable-size square patch elements were used for
the reflectarray phasing elements. These studies revealed that
while a good performance may be attained for the elements with
high-qualitymaterials, low-cost (and typicallyhigh-loss)designs
cannot achieve a satisfactory performance. The primary reason
is that at THz frequencies, the conductor losses in these resonant
patch elements increase to a degree that results in a significant
loss of power and phase tuning range. As a possible solution to
this problem, dielectric type elements were proposed in [10].
The goal of this work is to demonstrate the performance of di-

electric reflectarray antennas as a solution to eliminate the cum-
bersome conductor losses at THz frequencies [12]. In contrast to
the dielectric resonator type elements [13], [14] that use high di-
electric constantmaterials, the focus here is on the use of conven-
tional dielectric materials with low dielectric constant, which is
compatible with the 3-D printing technique. Variable height di-
electric slabs are used for the reflectarray elements design, which
enables the utilization of lowdielectric-constantmaterials. In ad-
dition, a polymer-jetting 3-D printing technology is utilized to
fabricate the antenna, which can realize low-cost rapid proto-
typing. To demonstrate the feasibility of this approach, 3 dif-
ferent dielectric reflectarrays operating at 100GHz are designed,
and numerical and experimental studies are carried out for all
prototypes that show a good agreement. Moreover, the proposed
methodology is readily scalable and with the current material
and fabrication technology, high-gain and low-cost dielectric re-
flectarrays operating at 1.0 THz can be realized.

II. DIELECTRIC PHASING ELEMENTS FOR REFLECTARRAYS

A. Material Losses in Reflectarray Elements

For reflectarray antennas operating at THz and optical fre-
quencies, material losses are a major concern. In general, ma-
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terial losses in reflectarrays include dielectric loss, conductor
loss, and surface wave excitation [15], [16], where the first two
terms are typically dominant. While material losses are always
taken into account in reflectarray designs [3], [4], in the mi-
crowave band the total material loss typically does not exceed
0.5 dB when high quality laminates are used for the design. At
THz and optical frequencies however, a significant increase in
material loss is observed which is primarily attributed to the
losses of the conductor. High quality conductors such as gold
significantly reduce these losses; however this comes at the ex-
pense of a much higher cost, particularly for high-gain arrays.
Low-cost and typically high-loss conductors on the other hand
pose additional problems. In addition to the loss of reflected
power due to material losses, reflectarray elements that exhibit
a high level of material loss may also show a different reflec-
tion phase response. In a recent study [10] it was shown that
when the material loss in reflectarray elements increases be-
yond a certain limit, a new phase curve with a limited angular
range will be observed. This reduced phase range of the ele-
ments would ultimately result in a further reduction of the an-
tenna efficiency.
Similar to optical fibers [17], a possible solution to the

cumbersome conductor loss problems at THz frequencies is
by avoiding the use of resonant conductor elements in the
reflectarray unit-cell. A dielectric reflectarray element can be
designed to control the reflection phase, by tuning the dimen-
sions of the dielectric. A variety of low-loss dielectric materials
are available at the THz and optical ranges that can be used
for such a design, however the focus here is on both low-cost
materials and fabrication techniques at a competitive cost, with
the aim to reach the practical barriers of wide scale deployment.

B. Dielectric-Type Elements for Reflectarrays

In dielectric-type reflectarray elements, the resonant con-
ductor patch is removed, and phase control is achieved by
changing the geometrical parameters of the dielectric. In gen-
eral two different approaches are available depending on the
availability of the material and the fabrication technique. In
the first approach, the phasing elements of the reflectarray are
dielectric resonators [18], [19], and phase tuning is typically
achieved by changing the length of the dielectric cavity. These
dielectric resonator reflectarray antenna (DRRA) elements
exhibit high gain performance, however they require materials
with high dielectric constant and very low loss, which makes
them quite expensive.
In the second approach, one uses a dielectric slab for phase

control of the reflectarray elements where phase tuning is
achieved by varying the thickness (height) of the dielectric
slab in each unit-cell. These dielectric reflectarray elements
put no constraint on the dielectric constant of the material,
which would allow one to select low-cost materials for the
design. Similar to optical mirrors [20], the ideal dielectric
reflectarray would have a smooth profile; however an important
consideration for low-cost fabrication is the minimum size of
the pixel (unit-cell) that would yield satisfactory performance.
This issue will be discussed in Section III. It is also important to
note that for dielectric-type reflectarray elements, the reflective

Fig. 1. A schematic model of a dielectric reflectarray phasing element.

Fig. 2. The THz time-domain spectrometer system at University of Arizona.

nature of the antenna still necessitates the use of a conductor
ground plane; however the losses on the conductor ground are
quite small compared to those of resonant conductor elements.
A schematic model of a dielectric type reflectarray element
unit-cell is given in Fig. 1. Note that in the dielectric reflectarray
design, the slab may cover the entire unit-cell surface, which
is the case in this study, but this is generally not a necessary
requirement for the elements.

C. Measurement of Dielectric Properties of the Material

The first step in designing the dielectric reflectarray was char-
acterization of the electromagnetic properties of the polymer
material that will be used for the design. This was done by
measuring the transmission response of a uniform 3 mm thick
slab using a THz time-domain spectrometer (THz-TDS) [21],
[22]. The system operates by propagating a picosecond-dura-
tion pulse through the material under test and extracting the fre-
quency domain characteristics via Fourier transformation. The
TDS spectral range is from 50 GHz to 1.2 THz, with a frequency
resolution of 5 GHz. The THz-TDS system is shown in Fig. 2.
The measured dielectric properties for the sample are shown

in Fig. 3. The dielectric constant decreases slowly as the fre-
quency increases, from 2.78 at 100 GHz to 2.70 at 600 GHz,
while the loss tangent increases slowly from 0.02 to 0.05 across
the measured spectrum. Despite a slightly higher loss at the high
end of the spectrum, the dielectric properties of this material are
stable, and therefore quite suitable for realizing dielectric reflec-
tarrays.



2002 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 62, NO. 4, APRIL 2014

Fig. 3. Measured dielectric properties of the polymer material (reprinted with
permission of The Optical Society (OSA) from [20]).

III. DESIGN OF THZ DIELECTRIC REFLECTARRAY ANTENNAS

A. Enabling 3D Printing Technology

In the THz spectrum (informally defined as 100 GHz to
10 THz), the corresponding wavelength is 3 mm to 30 m,
thus a fabrication technique that can provide feature sizes in the
m range is needed. The exact feature requirements however

depend on the particular design and operating frequency, and
will be discussed later on in Section III.B.
A relatively new and promising fabrication technique that

can offer resolutions in this range is 3-D printing, also known
as additive manufacturing. Polymer-jetting rapid prototyping
machines are a class of 3-D printers that can generate polymer
objects of virtually any shape and arbitrary complexity from a
digital model by laying down successive layers of polymer ma-
terials. For our design we used the Objet Eden 350 polymer-
jetting rapid prototyping 3-D printer [23] that has a fundamental
resolution of 42 m 84 m 16 m in , and dimen-
sions, respectively. It is worthwhile to point out that in compar-
ison with traditional machining techniques; one of the distinct
features of 3-D printing is that it avoids the removal of mate-
rials by drilling or cutting methods. As such, 3-D printing al-
lows for rapid prototyping of arbitrary shapes with low cost for
mass production.
To fabricate the object, the 3-D model of the structure has

to be generated and then imported into a CAD program, which
is then converted to a series of layered slices, each layer rep-
resenting a 16 m thick region of the model. Once the printer
receives the data for each slice, a series of print heads, similar
to the print head on an ink-jet printer, deposits a thin layer of
ultraviolet-curable polymer on the construction stage. Then
the ultraviolet lamps on the print head immediately cure the
materials when they are being deposited. After one layer is
completed, the construction stage is lowered by 16 m, and the
next slice is printed on top. Once the entire model is complete,
the construction tray rises and the part can be removed. For
traditional rapid prototyping, the final step is a high-pressure
water spray to remove the water-soluble support material,
leaving just the model material in the desired 3D shape. A
photo of the prototyping machine Object Eden 350 is shown in
Fig. 4.

Fig. 4. Photo of the polymer-jetting rapid prototyping machine.

B. Reflectarray Element and Aperture Designs

With the material properties and fabrication resolutions spec-
ified, the next task was to design the dielectric reflectarray ele-
ment and system. As discussed in Section II, in our designs the
element is a dielectric slab that covers the entire unit-cell sur-
face. Viewing this design as an array, we set the lattice size to
be half-wavelength at the center design frequency. The height
of the slab is then changed to provide the required phase shift
on the reflectarray aperture. To demonstrate the feasibility of
this design approach, dielectric reflectarrays are designed for
the operating frequency of 100 GHz. It should be noted here
that while the designmethodology proposed here is readily scal-
able, and we are capable of fabricating the dielectric reflectarray
for much higher operating frequencies, due to the availability
of the feed antenna for the reflector, the antenna is designed for
100 GHz operation. Further discussions on the minimum size
of the lattice and limitations in frequency scaling will be given
in Section III.C.
The measured electrical properties of the dielectric material

at 100 GHz are , and . The unit-cell
periodicity is selected to be 1.5 1.5 mm . For the element de-
sign, each unit-cell is treated as an infinite slab of dielectric;
therefore either unit-cell analysis or analytical solutions for in-
finite slabs can be used to derive the reflection properties of the
elements. One important consideration however is the position
of reference plane for phase computation. Conventionally the
reflectarray aperture has a flat surface, and the reflection phase
is computed on that surface. In this design, elements have vari-
able heights, so we define a reference plane that is placed at the
top surface of the tallest slab, which is schematically depicted in
Fig. 5(a). A full phase-cycle (2 ) is then achieved by changing
the slab height from 0.3 to 2.32 mm with a resolution of 16
m as shown in Fig. 5(b). It is important to note that the reflec-
tion phase curve shown here is for an oblique incident angle of

under perpendicular polarization. Also note that while
the phase range of this element is sufficient for designing a re-
flectarray antenna, the phase is limited to one phase cycle, so it
would be necessary to zone the array. Similar to zoned dielec-
tric lenses [24], this would reduce the overall profile and weight
of the antenna, but would also result in a reduction of antenna
bandwidth. It is also important to point out that this variable
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Fig. 5. Reflection coefficients of the dielectric reflectarray elements at
100 GHz.

height design has some resemblance to the grooved-dielectric,
Fresnel zone plate antenna [25], with the added advantages of
simpler (pixilated) design, and increased subzone corrections.
The dielectric reflectarray has a square aperture with a side

length of 30 mm, and 400 variable-height dielectric elements
are designed to provide the necessary phase shift on the aper-
ture. An offset feed is selected to avoid blockage effects with a
feed tilt angle of 25 . Based on the aperture efficiency analysis,
the feed antenna (A-INFO LB-10-10) is placed at a distance of
22.5 mm from the aperture, and is pointing towards the geo-
metrical center of the array. With this system setup, the edge
taper at the upper edge center ( mm, ), lower edge
center ( mm, ), and side edge centers (

mm), are dB, dB, and dB, respectively.
To minimize beam squint, the main beam direction is also set to
25 off broadside.
Different aperture phase distributions are studied for the di-

electric reflectarrays. Note that in Fig. 5(b) a phase constant of
148 is added to the phase curve so that the tallest slab will have
a quantized phase close to zero. The initial phase distribution
on the reflectarray aperture is then computed as described in
[3], [4]. At the center of the array, the required reflection phase
is 103.7 . One concern for this offset dielectric reflectarray is
the shadowing effect observed along the phase wraps on the
aperture where the taller elements will intercept the incoming
rays and shadow their adjacent elements. To minimize the shad-
owing effects, one can minimize the number of zones (phase
wraps) by adding a phase constant to the aperture, which would
also increase the bandwidth of the antenna as will be shown in
Section IV. The aim is to have elements with maximum height
at the center. Since the phase moves outwards on the aperture,

Fig. 6. Aperture phase distributions for the dielectric reflectarrays: (a) design
for minimum phase wraps (Design 1), (b) design for minimum element loss
(Design 2), (c) 1-bit design (Design 3).

this ensures that all element sizes are used before the first phase
wrap is observed. For this design (Design 1) this corresponds to
a phase constant of , and a reflection phase of 3.7 at the
center of the array. This phase distribution is shown in Fig. 6(a).
It is worthwhile to point out that for the extreme case (when the
tallest and shortest slabs are placed next to each other); the an-
gular limit arising from this shadowing effect is about 20.5 . As
such in this design where the main beam is scanned to 25 off
broadside, very few elements will observe this shadowing ef-
fect. Nonetheless this design approach (Design 1) will minimize
the number of these shadowed elements. It is also anticipated
that larger and spatially controllable dielectric constant range
can be achieved in the near future so that all the unit cells will
have the same height but different dielectric constant.
Another practical consideration is regarding the material

losses of the elements. As shown in Fig. 5(b), the element loss
increases with the element thickness. In this case, the target is to
minimize losses by using an element distribution that achieves
the lowest antenna loss. Similarly, this is obtained by adding
a phase constant. The function to be minimized is the sum of
the weighted element reflection coefficients for the array. The
weighted element loss [26], which takes into account both the
element loss and the aperture illumination, is computed as

(1)

For this design (Design 2), the minimum loss will be realized
with a phase constant of with the aperture phase distribu-
tion shown in Fig. 6(b). This corresponds to a reflection phase
of 185.7 at the center of the array.
A third design is also studied which uses only two slab thick-

nesses. This design is basically a Fresnel zone plate reflector an-
tenna, which in array terminology can be referred to as a 1-bit
design [27]. In general this design will suffer from the classical
phase quantization errors of phased array antennas. Nonethe-
less, it is a necessary reference study to quantify the fabrica-
tion limits (resolution in slice thicknesses for 3-D printing) for
higher frequency operations. The phase distribution for this de-
sign (Design 3) is given in Fig. 6(c).

C. 3-D Models and Radiation Performance of THz Dielectric
Reflectarrays

For these reflectarray designs, all elements have a square
cross-section (unit-cell lattice) of 1.5 1.5 mm , but with a
different height that is determined by the required phase shift.
To automate the process of 3-D model generation, geometry
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Fig. 7. 3-D models of dielectric reflectarrays in Ansys HFSS: (a) Design 1, (b)
Design 2, (c) Design 3.

Fig. 8. Simulated gain patterns of the dielectric reflectarrays at 100 GHz.

TABLE I
SUMMARY OF DIELECTRIC REFLECTARRAY ANTENNA RADIATION

PERFORMANCES AT 100 GHz

files based on standard 3-D formats need to be created. A
suitable file format for this design is STL, which is used by our
Objet Eden printer CAD program, and is also available in many
commercial electromagnetic solvers such as Ansys HFSS [28],
and CST Microwave Studio [29]. For this design, each cube
is defined by specifying the vertex positions of 12 triangles.
A MATLAB code is developed to generate the STL files that
contain the location and dimensions of the elements. The 3-D
models of these dielectric reflectarrays are shown in Fig. 7.
The radiation performance of the dielectric reflectarrays

is obtained using the full-wave simulation software CST
Microwave Studio. The radiation patterns of the 3 dielectric
reflectarrays are given in Fig. 8 where it can be seen that in all
designs the main beam is correctly scanned to 25 . A summary
of the antenna performances is given in Table I.
Note that the radiation patterns of Design 1 and 2 are almost

similar, with a slightly better side-lobe performance for Design
1. On the other hand Design 2 achieves a lower element loss and
higher gain and radiation efficiency as expected. Comparison of
the performance of the 1-bit design (Design 3) with the other
two dielectric reflectarrays indicates a directivity loss of about
3 dB, which is due to the phase quantization errors. It is also im-
portant to point out here that in this work, we were limited with

Fig. 9. Effect of lattice size on the performance of dielectric reflectarrays:
(a) aperture phase for Design 1 with a lattice size of , (b) 3-D model of
Design 1 with a lattice size of , (c) radiation patterns of Design 1 at 100
GHz with two different lattice sizes.

the materials supplied by the printer’s manufacturer, and the
polymer material used in these designs has a rather high loss tan-
gent. Nonetheless, other photopolymers with lower loss tangent

are potentially available (e.g., polytetrauorethylene
(PTFE), high-density polyethylene (HDPE), and polypropylene
(PP)), and can be used to achieve a higher radiation efficiency
for these antennas.
To observe the effect of profile smoothness on the perfor-

mance of the array, Design 1 is also studied with a finer lat-
tice resolution. As discussed earlier, the dielectric reflectarrays
were designed with a lattice size of at the center design
frequency. Here we study the performance of this design with
a lattice size of . The aperture phase distribution and 3-D
model of the dielectric reflectarray are given in Figs. 9(a) and
(b), respectively. The simulated gain patterns for these two dif-
ferent lattice sizes are compared in Fig. 9(c), where it can be
seen that despite a slightly higher gain (about 0.3 dB), the radi-
ation performance of these two designs is almost identical. This
study reveals that while there is some advantage in increasing
the accuracy of the model, a resolution of half-wavelength is
quite sufficient to achieve a good performance with these de-
signs. As such, this minimum lattice size can be used directly
to determine the upper frequency limit based on the avail-
able fabrication capability. From previous experiences with
our Objet Eden 350 printer, a fabrication accuracy of 150 m
can be achieved, i.e., a lattice size of 150 m 150 m. For
half-wavelength cells, this would correspond to an operating
frequency of 1.0 THz, and with a slicing resolution of 16
m for the slab heights, the maximum quantization errors for
this design will be less than , which is quite acceptable for
high-gain arrays.
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Fig. 10. Top view of the fabricated dielectric reflectarray prototypes:
(a) Design 1, (b) Design 2, (c) Design 3. The back side is gold plated.

IV. PROTOTYPE FABRICATION AND MEASUREMENTS

The three dielectric reflectarrays designed in the previous sec-
tion are all fabricated using our Objet Eden 350 polymer-jetting
rapid prototyping 3-D printer. After the three polymer structures
are printed, a thin layer of gold with thickness about 100 nm
is sputtered on the back surface of each polymer structure as a
seed layer. Then, the polymer structure with the thin gold layer
is inserted into a gold solution and a voltage is added between
the gold layer on the surface of the polymer and the ground for
plating. After 6 hours plating, the thickness of the gold becomes
about 6 m and the reflectarray antenna is ready for test. Pictures
of fabricated prototypes are shown in Fig. 10.
The radiation patterns of the dielectric reflectarrays are mea-

sured using a vector network analyzer (Agilent E8361A) with
W-band extension heads. A pyramidal horn antenna with a mea-
sured gain of 12 dB at 100 GHz is used to feed the dielectric re-
flectarray. The feeding horn is placed at a distance of 22.5 mm
away from the aperture and pointing toward the center of the re-
flectarray with a tilted angle of 25 as described in the previous
section. Another W-band horn antenna is located at the far field
distance to measure the radiation pattern. Another standard gain
horn is also used as the transmitter to calibrate the gain value of
the dielectric reflectarray. Comparison between the simulated
and measured radiation patterns in the xz-plane at 100 GHz are
shown in Fig. 11. Note that for the measurements the array is
rotated 25 in the aperture plane, so the main beam is pointing
to 0 .
It can be seen that for all three designs, a close agreement

between the measured and simulated radiation patterns is ob-
served. The measured gain of the three prototypes at 100 GHz is
22.5, 22.9, and 18.9 dB, respectively. The measured half-power
beam-widths are 6.95, 6.65, and 6.80 degrees, respectively. The
discrepancy between measured and simulated gain is attributed
to material property uncertainty, alignment errors, and fabrica-
tion and measurement errors, which becomes large at this high
frequency. Furthermore, Design 3 suffers more from the fabri-
cation error, since the middle part of the aperture (0.3 mm) is
too thin to maintain the flatness.
The gain of these dielectric reflectarray prototypes was also

measured across the frequency range of 70 to 110 GHz. These
results are given in Fig. 12. As expected, Design 1 demonstrates
the widest bandwidth which is attributed to the smaller number
of phase wraps on the aperture. Design 2 on the other hand
demonstrates the highest gain due to the lower loss of its ele-
ments. Despite a much lower gain in comparison with the other

Fig. 11. Comparison of measured and simulated radiation patterns of the di-
electric reflectarrays at 100 GHz: (a) Design 1, (b) Design 2, (c) Design 3.

Fig. 12. Measured gain versus frequency for the dielectric reflectarray proto-
types.



2006 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 62, NO. 4, APRIL 2014

TABLE II
SUMMARY OF THE MEASURED ANTENNA RADIATION PERFORMANCE

2 designs, Design 3 shows a slightly broader bandwidth than
Design 2.
A summary of the gain performance of these antennas is

given in Table II.

V. CONCLUSION

Dielectric reflectarray antennas are proposed as a low-cost so-
lution for high-gain terahertz antennas. Variable height dielec-
tric slabs (low-cost polymers) are used for the reflectarray el-
ements, and a polymer-jetting 3-D printing technology is uti-
lized to fabricate the antenna which has the capability to realize
rapid prototyping at a low-cost. Three different prototypes op-
erating at 100 GHz have been designed and experimental re-
sults demonstrate a good performance. The proposed method-
ology is readily scalable and with the current material and fab-
rication technology, low-cost, high-gain antennas up to 1.0 THz
can be realized. This study shows that the proposed method is a
promising approach of realizing high gain THz antennas.
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