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1 Introduction

Wireless communication with terahertz (THz) carrier waves is a rapidly developing field [1, 2],
with considerable effort being devoted to demonstrations of high-data rate links [3–5] as well
as devices for transporting [6, 7] and manipulating [8–11] THz signals. Dielectric waveguides
represent one important platform for both signal transport and signal processing. With
relatively low absorption losses and considerable design flexibility, dielectric structures offer
great promise as both active and passive devices. One particular advantage is the possibility of
fabrication by 3D printing, which offers a low-cost and highly versatile method for production
of nearly arbitrary waveguiding structures [12, 13]. For example, Weidenbach et al. [14] have
recently demonstrated a suite of 3D printed waveguide designs with low loss in the THz range,
including a fixed power splitter and a variable waveguide splitter based on evanescent wave
coupling [15] between two parallel dielectric waveguides. Here, we explore such a variable
coupler using a modulated data stream at ~ 196 GHz.

2 Experimental Setup and Results

The waveguides are printed out of polystyrene (PS), a material which is reasonably transparent
at THz frequencies with a nearly frequency-independent refractive index of 1.56. PS can be
printed using a Ultimaker Original 3D printer [13]. We have used COMSOL Multiphysics 5.2
to optimize the waveguide dimensions for single-mode operation. The printed waveguide has a
square cross section of size 0.8 mm by 0.8 mm, which assures single-mode operation in the
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frequency range of interest. As shown in Fig. 1, it consists of a 90° turn followed by a coupling
section in which two identical waveguides run parallel to each other with a mechanically
variable spacing between them. The 90° bend prevents direct free-space coupling between the
transmitter and receiver [14], and its bending loss is small for a curvature radius r = 20 mm.
The coupling region has a nominal length of 60 mm, although the effective coupling length is
somewhat larger due to non-zero coupling even in the curved regions [14]. Using numerical
simulation, we determine that the effective refractive index of the fundamental mode of this
waveguide at 196 GHz is 1.229.

For the data transmission experiments, we used a source based on a frequency multiplier
chain (Virginia Diodes), which up-converts a modulated baseband signal to 196 GHz produc-
ing about 60 mWof power at the output of the horn antenna. We generate a pseudo-random bit
pattern to modulate this carrier wave at 1 Gb/s via amplitude shift keying (ASK) modulation.
We detect the signal using a zero-biased Schottky diode intensity detector. The Schottky signal
is amplified to drive a bit error rate (BER) tester (Anritsu MP1764A) for real-time signal
analysis. Unlike in the previous study [14], the waveguides are not inserted into the horn
antennas, but rather are held approximately 7.25 mm outside of the ends of the horns at the
transmitter side and 2 mm at the receiver end (see Fig. 1). This arrangement artificially reduces
the coupling efficiency in order to avoid saturating the detector, thus optimizes the signal-to-
noise ratio of the measurement. We estimate that the input coupling efficiency from the
transmitter horn to the waveguide is −36 dB. The maximum power detected at each of the
two waveguide outputs is −22 dBm, which is smaller than the generated power due to this
finite coupling efficiency as well as to the waveguide bend loss and to other smaller loss
mechanisms such as absorption in the PS and surface roughness effects.

Figure 2 shows typical results for an input wave of 196 GHz with a data rate of
1 Gb/s. Figure 2a shows the power at the two waveguide outputs, which varies
periodically between P2 (black symbols) and P3 (blue symbols) as the space between
the two parallel waveguides is mechanically increased. In the limit of large separation,
the coupling between the two waveguides is negligible, and all the power emerges

Fig. 1 Top view of the experimental setup. Horn antennas with a full 3 dB beamwidth of 13-degrees are attached
on transmitter (upper right) and receiver (left). Waveguides are mounted on a linear stage by thin supporters, so
that the active area of the waveguides are effectively suspended in air. In this photo, the receiver horn is
positioned at the primary (P2) output; in the measurements, it can also be positioned in front of the secondary (P3)
output
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from P2. As observed in [14], this oscillatory behavior can be understood in terms of
the difference in the propagation constants of the even and odd waveguide modes, as:

P2 ¼ P1⋅cos2
βeven−βodd

2
⋅z

� �
ð1Þ

and

a

b

Fig. 2 a Power variation at the output ports as a function of the separation between the primary (P2, shown in
black) and secondary (P3, shown in blue) waveguides. Solid lines with solid circles show experimental
measurements; dashed lines show predictions based on numerical simulations. Inset: effective refractive indices
for even and odd modes as a function of separation. Both modes converge to the same value of 1.229 when the
separation is large. b Corresponding BER variation versus separation distance between the two waveguides.
Dashed lines show the predictions made using the power measurements in (a) while the dotted lines show the
predictions made using the simulated values displayed in (a)
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P3 ¼ P1⋅sin2
βeven−βodd

2
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where P1 is the input power to the coupling region, and where z = 60 mm is the length
of the coupling region. The propagation constant relates to effective refractive index by
β = 2πn/λwith λ as the wavelength in free space and n as the effective index of the
mode. βeven and βodd are propagation constants for the even (symmetric) and odd
(antisymmetric) modes of the coupling region (i.e., the super-modes). The fact that
βeven ≠ βodd leads to mode beating as a function of waveguide separation, and
therefore, energy transfer between the two branches. In the inset of Fig. 2a, we show
the effective indices for the even and odd modes, extracted from numerical simulations
for different values of the distance between the two parallel waveguide sections. The
dashed lines in Fig. 2a show predicted values for P2 and P3, using these simulated
values for the effective index. We note a slight discrepancy between simulation and
experiment, which we attribute to structural imperfections of the device such as surface
roughness which is inherent to 3D printed structures.

The corresponding BER performance is illustrated in Fig. 2b. The BER at output port 2
(port 3) can be computed from the signal-to-noise, which is directly proportional to P2 (P3),
according to

BERport j ¼ 1

2
e
−P j

.
4N
⋅
1

2
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P j
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Here, N is noise power composed of thermal noise and additional noise defined by noise
figure. As a result, the oscillatory power output also results in an oscillatory behavior for the
BER, in each output channel. With the aforementioned input power, we observe that the signal
at the output achieves error-free performance (BER < 10−9) multiple times as the waveguide
separation varies from zero to its maximum value. Indeed, there are numerous points where the
BER in both channels is simultaneously low enough (less than 2 × 10−3) for error-free
transmission with forward error correction. This result establishes the fact that these 3D printed
waveguide couplers have sufficient quality to be used as tunable signal processing elements in
real systems.

3 Conclusions

We have demonstrated the coupling behavior of two identical and parallel dielectric
waveguides made out of 3D printed polystyrene in a real-time THz wireless link. Due
to the low loss and low dispersion of these waveguide structures, the BER at both the
straight and cross-coupled waveguide outputs can readily achieve error-free perfor-
mance at 1 Gb/s. Even higher data rates are readily possible, limited ultimately by the
very small waveguide dispersion which will cause inter-symbol interference at ex-
tremely high data rates. This highly flexible approach holds great promise for appli-
cations in THz signal processing.
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