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Abstract
Here we propose a 3D printed form-birefringent achromatic quarter-waveplate target-
ing the lower terahertz frequency range. The monolithically fabricated waveplate con-
sists of three individual layers of different thickness and orientation of the stratified 
structure resulting in the achromatic response. The experimental results show that the 
performance of the fabricated waveplate fits the optimal behaviour within 5 % in terms 
of ellipticity and phase shift for frequencies between 75 GHz and 110 GHz.
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1 Introduction

Since the late 1980s terahertz waves have encountered applications in many fields 
[1], such as probing quasi-particles in solid state physics [2] or the crystal structure 
of materials [3] among many others [4, 5]. Besides, many real-world applications for 
terahertz waves have emerged, such as telecommunications [6–8] and non-destructive 
inspection [9–11]. Most of the spectroscopic studies available have benefited from 
the capacity of the technique known as terahertz time-domain spectroscopy to detect 
both the amplitude and phase of the electromagnetic wave. Additionally, the polari-
zation of the wave is a property that can be also used to probe important aspects of 
a sample, however, being rarely used [12]. The availability of optical components 
for terahertz waves is still relatively limited. Yet, a variety of 3D-printed devices to 
control the polarization of terahertz radiation have been demonstrated in the past 
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[13–18]. Furthermore, demonstrations of achromatic waveplates employing intrinsic 
material birefringence [19, 20] as well as form birefringence [15] have been reported.

The achromatic response can be obtained by stacking specific monochromatic 
wave plates along the propagation of the waves [19]. Thickness, birefringence and 
orientation of the individual waveplates defines the achromatic response of the final 
device and therefore needs to be carefully chosen. Previous demonstrations of ter-
ahertz achromatic waveplates include demonstrations of achromatic quarter wave-
plates (AQWP) employing intrinsically birefringent materials [19, 20] as well as 3D 
printed AQWP based on form birefringence [15]. In the former case, the achromatic 
response was obtained by optimizing the number of individual plates, their thick-
ness, and relative orientation one to another. In the latter case, the form birefrin-
gence and thickness of two plates at a fixed relative orientation were optimized to 
obtain the achromatic response.

In this article, we present the design and experimental demonstration of a 3D 
printed AQWP, which is capable of evenly rotating the polarization of electromag-
netic waves from 75 GHz to 110 GHz. We achieve this achromatic response by opti-
mizing the number, thickness, and orientation of individual form birefringent plates 
taking also diattenuation into account. The optimized design consisting of three 
individual plates could be monolithically fabricated using a conventional 3D printer.

2  Design and Fabrication

The designed AQWP consists of a number of grating-like structures, which are 
sequentially printed along the optical axis into a single structure, as depicted in 
Fig. 1b and c. The individual gratings or stratified structures can be mathematically 
described as alternating material and air layers which form a periodically stratified 
media with a period Λ = a + b where a and b are the width of the material and 
air gaps, respectively. The obtained structure acts as a birefringent material with 
the fast and slow axis perpendicular and parallel to the structure, respectively. Fig-
ure 1a shows a schematic of the grating structure and the relative propagation direc-
tion of the incoming radiation. To obtain the frequency independent polarization 
change of the AQWP each grating must have a certain thickness di and relative ori-
entation of the individual fast axes ψi.

We chose high impact polystyrene (HIPS) as 3D printing material, owing to its 
relatively good printability and high terahertz transparency [21]. For all samples we 
used a filling factor of 100 % and set the extrusion temperature as well as the heat-
ing bed temperature to  220 ∘C and 100 ∘C, respectively. Furthermore, we determined 
the permittivity of HIPS to be approximately ε = 2.15 with negligible dispersion and 
an absorption coefficient of approximately 0.47  cm− 1 at 90  GHz. The 3D printer 
nozzle we used has a diameter of 400 μm, which means that we were restricted to 
a stratification period of approximately 1150 μm with an air gap width of 520 μm. 
Therefore, we chose the lower end of the terahertz frequncy range to avoid scatter-
ing, diffraction, and waveguiding effects [22].
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The dielectric functions associated to form-birefringence which are based on 
the quasi-static effective medium theory [22] and can be written in form of the 
following two equations:

and

where k, εs and εp denote the wavenumber, and the complex permittivities of 
the electric field perpendicular and parallel to the stratification, respectively. 
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Fig. 1  Schematic of the incident radiation on a grating (a), photos of the printed AQWP front- (b) and 
backside (c), which is based on the parameters shown in Table 1. Note the different orientations of the 
stratification. The functional square center part of the AQWP has an area of 25   cm2. The angle ψi is 
added for clarification, with i = 1 since the front of the AQWP is shown. Each square of the grid paper 
has an area of 0.5 mm x 0.5 mm
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Further details about the model can be found in the references [22–24]. Given 
these values of the stratification dimensions we calculate the expected form-
birefringence to be approximately Δn ∼ 0.086 at 90 GHz. However, experimental 
characterization of a sample fabricated with such parameters revealed that 
the actual birefringence of the individual gratings was 0.119. This value was 
determined as an average birefringence of seven individually characterized 
samples of different thickness. The standard deviation of the birefringence of 
the seven samples was 0.002. Since by default the stratification layers were all 
printed in the same direction we considered that this could cause the additional 
0.033 birefringence. To experimentally test this hypothesis we fabricated seven 
solid plates of different thickness and made the printer deposit each layer of the 
individual plates in the same direction. These plates were all printed without air 
gaps, which according to the theory mathematically represented by Eqs. 1 and 2 
should show no form birefringence. However, the measurements of the solid plates 
showed an average birefringence of 0.039 and the standard deviation of 0.001. 
The obtained birefringence is similar to the difference between the calculated 
and measured birefringence of the actual stratified structure. Figure 2 shows the 
birefringence over the investigated frequency range, where the blue, black and red 
curves correspond to the birefringence of the stratified structure, the calculated 
birefringence and the birefringence of the solid plate, respectively.

Fig. 2  Curves from top to bottom: Measured birefringence of the grating structure, calculated form bire-
fringence and measured birefringence of a full plate with all layers printed in the same direction. The 
form birefringence is calculated using Eqs. 1 and 2. In total 14 samples, seven full plates and seven sam-
ples with the grating structure, were printed and characterized. The measured curves and the surround-
ing shaded areas correspond to the mean and standard deviation of the measured birefringence of the 
seven samples, respectively. Note that the overall measurement uncertainty might have more contribu-
tions besides the measurement and fabrication repeatability, which is estimated by the standard deviation 
and represented by the shaded areas
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We can describe the i-th individual grating of the AQWP by its corresponding 
Jones matrix Ĵi:

where the 2x2 complex matrices Q̂ , D̂ and R̂ mathematically represent the rela-
tive orientation of the given grating, its diattenuation and its retardance, respec-
tively. Furthermore, αs and αp denote the measured frequency dependent absorp-
tion coefficient along the perpendicular and parallel directions of the stratification, 
respectively. Finally the AQWP can be described by the non-commutative product 
Ĵ =

∏N

i
Ĵi , where N is the total number of individual gratings. Since the birefrin-

gence and diattenuation are taken from the measurement shown in Fig. 2a we end 
up with thickness di and orientation ψi as free parameters per grating, resulting in 2N 
independent free parameters determining the design.

In case of an ideal quarter waveplate with its principal axes oriented at  45∘ with 
respect to the incident linearly polarized light, the transmitted light is circularly polar-
ized. In this ideal case the first coefficient of the Jones vector representing the transmit-
ted light will be purely real while the second coefficient will be purely imaginary; the 
ratio of these two will therefore be purely imaginary. Furthermore, in general for inci-
dent horizontally linearly polarized light the Jones vector of the transmitted light will 
have the following form: E = (J11,J21)T, where J

11
 and J

21
 are the two complex entries 

in the left column of the 2x2 complex Jones matrix Ĵ . In the ideal case the ratio r = J
11

J
21

 
should therefore be purely imaginary. This can be described by the loss function

where the summation is performed over the whole investigated frequency range.
By using the basin-hopping algorithm [20] to minimize L we obtain the optimized 2N 

free parameters. The optimization was performed multiple times for N = 1,...,5 and we 
found that a design consisting of three individual gratings was sufficient for the targeted 
frequency range. The obtained parameters for the three gratings are shown in Table 1 and 
photos of the printed AQWP based on these parameters are shown in Fig. 1.

3  Experimental Characterization

For the characterization of the AQWP a quasi-optical system was used. This system 
consists of a commercial vector network analyzer (VNA) and different sets of wave-
guide frequency converters. From the available frequency ranges we chose the range 
from 75  GHz to 110  GHz, since it was the widest range in the lower end of the 

(3)Ĵi(𝜓i, di) = Q̂(−𝜓i)D̂(di, 𝛼s,p)R̂i(di,Δn)Q̂(𝜓i),
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Table 1  Waveplate parameters 
for the design obtained via the 
optimization of L with N = 3

Plate # 1 2 3  
∑

 

Thickness (mm) 14.14 13.11 7.00 34.24
Angle (deg) 246.54 171.27 38.65
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spectrum. The waveguide ports of the frequency extenders are connected to two rec-
tangular horn antennas and as shown in Fig. 3 two off axis parabolic mirrors (OAPM) 
are used to reduce transmission losses [25]. Additionally, a high frequency resolution 
of 25 MHz was set on the VNA to be able to separate the signal from the initial pulse 
and the signal caused by standing waves. To characterize the AQWP we applied a 
slightly modified form of the measurement technique described in [19]. Since the emis-
sion pattern of the rectangular horn antennas is already linear we could perform the 
measurement using a single rotatable wire grid polarizer which was inserted between 
the AQWP and the detector in the beam path as shown in Fig. 3. Subsequently, the 
intensity I(ϕ) of the radiation transmitted was measured for different angles ϕ of the 
polarizer, which were varied in steps of  10∘. We employ a Jones calculus description of 
the beam path to obtain the phase shift δ and minor and major axes of the transmitted 
radiation denoted by A and B, respectively. In general the Jones vector Ewp representing 
the polarization state after the AQWP can be written as follows:

where the unit vector x is parallel to the initially linearly polarized radiation and y is 
perpendicular to it. The final state Ef representing the measured signal is then given 
by the following:

Evaluating this matrix product we see that the intensity of the final field at the 
detector can be written as follows:

Since the measurement is performed in steps of  10∘ it leads to 36 individual 
measurements which are subsequently normalized with respect to the measure-
ment where the polarizer and polarization plane of the detector are parallel. For a 
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Fig. 3  Schematic of the 
experimental setup. The rotating 
polarizer is removed for bire-
fringence measurements
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given frequency we fit the three parameters A, B and δ to the measured intensity 
as a function of ϕ.

Figure 4a shows the measured phase shift and the values we calculated based on the 
design parameters and the measured birefringence. In case of an ideal quarter waveplate 
the phase shift equals π/2. The calculated and measured phase shift fit this value within a ± 
5 % range. Figure 4b shows the measured and calculated ellipticity (i.e., the ratio between 
minor and major axis of the polarization ellipse). In the ideal case for circularly polarized 
light we expect the two ellipse axes to be equal, therefore, resulting in an ellipticity of one. 
We account the deviation from optimal behaviour to a slight difference between the meas-
ured and the actual birefringence of the gratings. Additionally, the transmittance of the 
AQWP can directly be calculated as the sum of the squared minor and major axis of the 
polarization ellipse. Based on this calculation we find that the losses over the operational 
frequency range are below 3 dB.

4  Summary

In summary, we presented the viability of a 3D printed form birefringent AQWP. Our 
design consists of a single structure but can be understood and mathematically mod-
elled as three individual form birefringent plates of different thicknesses combined at 
different orientation angles to form the AQWP. The set of thicknesses and orientation 
angles where determined through the optimization of a loss function which was based 
on the mathematical Jones calculus description of the three form birefringent plates. 
Furthermore, the experimental results match the performance of an ideal quarter wave-
plate within 5 % for the frequency range between 75 GHz and 110 GHz. Finally, the 
design can be scaled to higher frequencies and a wider frequency range given a higher 
printing resolution of the 3D printer.

Fig. 4  Measured and calculated (a) Measurement (red curve) and calculation (blue curve) result for the 
(a) phase shift, and (b) ellipticity, determined from design parameters in Table 1 and measured birefrin-
gence. The dotted lines indicate the ± 5 % region within optimal performance
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