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Abstract—The sixth generation (6 G) communication stan-
dard is expected to include support for very-high data rates
(over 100 Gbit/s) and device electronics will require processors with
on-chip communications able to support such high bandwidths.
Although the terahertz band possesses ample bandwidth, conven-
tional THz waveguides suffer from high bending losses and are
sensitive to process defects. The recent revelation of the topological
valley photonic crystal (VPC), which exhibits near zero-loss bends,
zero back-scattering and zero junction-area, holds much promise
for future high speed inter-device communications. Low dispersion
in the photonic bandgap region as the number of bends increase
is demonstrated through simulation and experiment of the trans-
mission and group delay characteristics. Through comprehensive
communications experiments we demonstrate online results below
the forward error correction level including an 108-Gbit/s bit rate
using multi-level modulation for a 10 mm straight VPC waveguide
and a 62.5-Gbit/s bit-rate for a ten sharp bended structure.

Index Terms—Terahertz, topological, valley photonic crystal
(VPC), terahertz communications, 6 G, on-chip communication,
photonics, UTC-PD, dispersion, waveguide.
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I. INTRODUCTION

THE vast terahertz (THz) band (100 GHz to 10 THz)
has received much interest as communications devices

and infrastructure are required to support ever increasing data-
rates [1] [2]. With the emerging sixth generation (6 G) standard,
which is expected to have provision for THz communications, it
is expected that the projected data-rates and required bandwidths
will continue along a steep trajectory.

Meanwhile emerging communication systems, for example
supporting full-resolution mobile-8 K (48 Gbit/s), expect to
require processors able to route order of terabit per second
data on-chip in extremely small areas. On-chip communication
requires support for high bandwidths with both low-loss and
low-dispersion despite the routing with several sharp bends. At
the same time there is a design trend of increasing the number
of cores in the modern central and graphics processing units. As
the number of these cores and transistor densities increase, the
performances are limited by traditional interconnection methods
and THz communications have been proposed as a potential
solution e.g. in [3]. The routing is non-trivial even at present
densities as for example, a recent network-on-chip architecture
that has 64-cores in 32 nm CMOS has a throughput requirement
of about 240 Gbit/s [4]. With the ever-higher on-chip signaling-
rates there is an expected transition from electronic towards
partial and fully photonic circuits.

Although conventional hollow metallic waveguides can ex-
hibit strong field confinement at 300 GHz [5] the manufacturing
complexity and cost is significant compared to silicon based
waveguides. Metallic waveguiding is less suitable for integra-
tion on-chip as it suffers from significant losses with sharp
bends [6]. Microstrip waveguide designs can be scaled from
microwave to THz frequencies but the ohmic loss is considerable
at high frequencies [7]. Photonic crystal (herein referred as ‘PC’)
waveguides provide a convenient platform for development of
waveguide structures with low loss compared to conventional
metallic waveguides. Confinement in a PC is created by the
bandgap in which electromagnetic (EM) waves cannot propa-
gate. In general, the design of a PC has considerable freedom
as any material which has a periodic variation in its refractive
index will exhibit the bandgap phenomena. The strong bandgap
confinement is an attractive feature for highly integrated devices
as very small form-factor photonic devices can be developed. A
challenge at terahertz frequencies however is that a considerably
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larger relative bandwidth is required compared to the nanopho-
tonic devices and very broadband dispersion control is required
for the PC [8]. For example, a 30 GHz bandwidth requires a 10%
relative bandwidth at 300 GHz while a typical PC exhibits a
propagation loss below about 0.5 dB over a relative bandwidth
of 7%. Further, this loss increases as the number of bends or their
radii of curvature decreases. Topological valley photonic crystal
(VPC) [9] waveguides on the other hand have shown near-unity
transmission in the photonic bandgap even for sharp bends [10].

The structure of the VPC is fundamentally different to that of
the conventional PC which gives it unique properties. A PC has
a regular triangular lattice with holes of the same size whereas
VPC has a hexagonal lattice with both large and small holes.
The PC band gap is created by Bragg reflection while that of
VPC is created by breaking the inversion symmetry. Compared
to PC the channel and junction losses are decreased as well
as the bend or junction area. Topological kink states are able
to provide robust, single-mode and linear-dispersion properties.
There are inevitable structural imperfections in manufacturing
silicon devices due to impurities and in the lithography process
which can cause problems for PC based systems especially
at high data rates. In this background, VPC possesses very
attractive features for building photonic integrated circuits.

Topological photonics have been at the center of intense
research over the last 5 years [11], [12]. Recently, the topological
phase of light was discovered which potentially can lead to many
interesting and useful devices for photonic systems [13], [14].
Photonic topological insulators (PTIs) can be both insulators and
conductors at the material edge and offer strong suppression of
back-scattering due to large bends and imperfections. A number
of PTI applications have been described in the literature for
example reflectionless waveguide [15], topological quantum
interfaces [16], topological splitters interfaces [17], and robust
delay-line [18]. Demonstrations to-date however have mainly
been in the microwave e.g. [19] and lightwave frequencies [20]
rather than in the THz region. Emitters that are robust to imper-
fections in the cavity using topological edge states have been
developed in [21]–[23] and it is expected to provide revolu-
tionary changes. Schemes for achieving a topological photonic
crystal by using dielectric material were described in [24],
[25] and a silicon valley-Hall photonic topological insulator
was presented in [26]. Experimental demonstrations of VPC at
telecommunication wavelengths were described in [27], [28].

We demonstrated the first experimental topological phase
of THz wave communication in the 0.3-THz band with an
error-free 11 Gbit/s transmission using on-off keying (OOK)
modulation for a VPC waveguide with ten sharp bends (zero radii
of curvature) comprising five 120-degree and five 60-degree
turns [10]. In addition 16-Gbit/s bit-rate was achieved with bit er-
ror rate (BER) 1.84×10−3 using 16-level quadrature amplitude
modulation (QAM). A practical use-case is the wave-guiding of
uncompressed 4 K high-definition video that requires 6 Gbit/s
error-free signaling [10]. In more recent work, we demonstrated
the potential for higher data rates using 16-QAM reporting
a 50 Gbit/s result for a 10-bend VPC in [29].

In this paper we demonstrate the markedly higher data-rates
of 75 Gbit/s for a 10-bend and 135 Gbit/s for a 10 mm
straight structure by employing an intermediate-frequency
(IF)-architecture comprising an uni-traveling carrier photo-
diode (UTC-PD) transmitter (Tx) and sub-harmonic mixer

(SHM) receiver (Rx). A study on the transmission and dispersion
characteristics and process is additionally made comparing both
the straight and with-bend structures.

This paper is organized as follows: The topological VPC
design and structure is described in Section II. A study on the
transmission and group delay characteristics of the waveguides
through simulation is presented in Section III and through
experiment in Section IV. Comprehensive communication ex-
periments in the THz band are described in Section V and the
performance results are discussed in Section VI. A conclusion
of the work is provided in Section VII.

II. TOPOLOGICAL VALLEY PHOTONIC CRYSTAL

One-way edge modes analogous to the quantum Hall effect
were first theoretically demonstrated by breaking the time-
reversal symmetry of a PC [30]. Importantly, light can be guided
unidirectionally without back scattering even in the presence of
imperfections and sharp bends due to chiral edge states occurring
at the PC perimeter by breaking the symmetry. This phenomena
was first demonstrated in the microwave region in [15] and
topological protection has since been shown in the optical band
regions in [24], [31]–[34]. Creating chiral edge states is a greater
challenge in the THz region due to a weak magneto-optical
force. Silicon has a large refractive index which results in a
large in-plane bandgap while light is maintained in the silicon
by total internal reflection and easily exploited in the THz bands
using photonic crystals.

A. VPC Design

The VPC is made from high resistivity (>10 k Ω cm) silicon
of high relative permittivity (11.7) with a thickness of 200 μ
m. VPC has a graphene-like periodic structure composed from
unit-cells that in this work have period a= 242.5μm. A unit-cell
of the lattice withC6 symmetry consists of an equilateral triangle
hole of edge-length l1 = 0.5a and a similar inverted equilateral
triangle of edge-length l2 = 0.5a. Breaking the symmetry is
achieved by increasing edge-length l1 and reducing the l2 by an
equal amount. In this study we set l1 = 0.65a and l2 = 0.35a as
depicted in Fig. 1 (a). By breaking the order, the VPC structure
has C3 symmetry and two valleys (at K and K’) result that
reveal a bandgap from around 320 GHz to 350 GHz [10]. The
transverse-electric (TE) modes traverse the x-y plane while being
confined in the z-direction by total internal reflection. There are
two types of pattern structure termed as ‘Small zigzag’ as shown
in Fig. 1 (b) where the small triangle is closest to the waveguide
and ‘Large zigzag’ where the small triangle is further from
the waveguide as shown in Fig. 1 (c). The straight waveguides
only employ the Large zigzag interface whereas the bending
waveguides include a Large zigzag for the horizontal sections
and Small zigzag pattern for the diagonal interface.

The dispersion diagram for the first Brillouin zone showing
inside the bandgap with propagation with topological protection
under linear dispersion and outside the bandgap with propaga-
tion by total internal refraction in straight waveguide is shown
in Fig. 2. The red and blue lines represent the edge dispersion,
the green regions show the projected bulk dispersion, the yellow
dashed line shows the light line which indicates the dispersion
of air and the yellow region displays the leaky region where
the total-internal refraction condition normal to the slab is not
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Fig. 1. VPC waveguide structures (a) unit-cell (a = 242.5 µm, l1 = 0.65a
and l2 = 0.35a), (b) ’Small zigzag’ pattern and (c) ’Large zigzag’ pattern.

Fig. 2. Dispersion diagram for the first Brillouin zone showing (a) bandgap
with linear dispersion for the Large zigzag used in straight sections and (b)
bandgap for the Small zigzag additionally employed in the diagonal bend
sections. The red and blue lines represent the edge dispersion of Large and
Small zigzag waveguides respectively. The light-line in air is indicated by the
yellow dashed line.

satisfied. The Small zigzag and Large zigzag patterning impacts
on the dispersion and hence usable bandwidth. The bandgap
for the Large zigzag is shown by the larger light brown band
indicated as (a) while the bandgap for the Small zigzag is shown
by the smaller purple band indicated as (b) in Fig. 2. In the

Fig. 3. Schematic of VPC waveguide for (a) 10 mm straight and (b) 10-bends.
The dashed red-line indicates the waveguide light path.

straight waveguide case which features the Large zigzag pattern
only, the THz wave can propagate in the leaky regions indicated
by the yellow color. Signals will couple to the bulk modes with
in-plane leakage in the bend structure. In the low frequency
region, scattering from the waveguide mode will be coupled to
the bulk mode. This leakage into the bulk mode will result in loss
and leads to the propagation band for the bend being narrower
than that of the straight waveguide. The propagation band of the
bend waveguide is reduced to where both bands overlap. From
the above results, it is expected the data rate of the 10-bend
waveguide will be smaller than that of the straight line.

To experimentally evaluate the performance of the VPC
four waveguide specimens were prepared: i) straight 10 mm,
ii) straight 30 mm, iii) 10-bend and iv) 18-bend. Of these four,
the straight 10 mm and 10-bend were later used in the commu-
nications experiments. The VPC straight is a useful waveguide
in itself for on-chip communication but it is also used here for
comparison with the bend to show the extremely low-losses due
to scattering despite the presence of several bends. The ten bend
VPC consisted of ten sharp bends (zero radii of curvature) that
is five 120 ◦ and five 60-degree turns as shown in the schematic
of Fig. 3. The electric field in the x-y plane is shown in Fig. 4.

III. TRANSMISSION AND DISPERSION SIMULATION

In this section we present the results of transmission and
dispersion estimation through electromagnetic simulations for
the four VPC structures.

A. Transmission

The forward transmission coefficient measures the amplitude
and phase from input to output port of the waveguide under
test and referred to as the S21 scattering parameter. Here we
present the normalized amplitude of each waveguide across the
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Fig. 4. Electric-field intensity in x-y plane from electromagnetic software
simulation.

Fig. 5. Transmission from EM simulation for straight 10 mm and 30 mm.
The gray area shows the defined low-loss region within the 3-dB bandwidth for
the 10 mm straight.

frequency range from 315 GHz to 355 GHz. The S-parameters
of each measurement are normalized so the maximum amplitude
across the frequency range is plotted as unity or zero dB. The y-
scale is then expressed in dBr (decibel relative) units and allows
the 3-dB bandwidth of each waveguide to be easily compared.
VPC exhibits extremely low channel-loss (we experimentally
measured this to be between 0.0015–0.05 dB/mm in [10]) and
the 3-dB bandwidth is a parameter heavily influencing the rela-
tive performances of short-distance on-chip communication.

The transmission for straight 10 mm and 30 mm in simu-
lation is shown in Fig. 5. The large band gap extending from
about 320 GHz to 348 GHz can be seen with near unity
transmission. We define a low-loss region shown in gray for
the 10 mm straight in Fig. 5 as that within the 3-dB bandwidth.
The transmission for 10-bend and 18-bend is shown in Fig. 6. A
similar very low-loss region in the band gap is observed for the
bent structure in Fig. 6 with near unity transmission and very
low loss estimated at<0.1 dB / bend. However the transmission
is affected in the high frequency band due to the pronounced dip
observed at around 344 GHz. The two low-loss regions are also
shown in subsequent figures discussing the gain and dispersion
in experiment.

Fig. 6. Transmission from EM simulation for 10-bend and 18-bend. The low-
loss region is defined within the 3-dB bandwidth in the low frequency band and
is limited in the high frequency by the dip at about 344 GHz.

B. VPC Fabrication Tolerance

Due to its topological properties VPC is generally robust
to imperfections in the fabrication or manufacturing process.
We have shown that when large and small cells are randomly
swapped the 3-dB bandwidth decreases by about 0.75 GHz [10].
The 3-dB bandwidth decreased by about 2 GHz when air hole
sizes were randomly increased or decreased by 20% in a central
hexagon covering about 12 cells centered on the waveguide
interface [10]. These results were consistent with those reported
in [9]. In a further simulation, the sizes of the small cells at
the domain interface were set randomly from 0.35a-w/2 to
0.35a+w/2 and the sizes of the larger cells were similarly varied
between 0.65a-w/2 to 0.65a+w/2 wherew indicates the disorder
strength. It was shown through a Monte-Carlo simulation that
when w< 0.3 there is minimal impact on the gain in the band
gap but transmission decreases rapidly for w≥ 0.3 due to the
inter-valley scattering effects [10].

In addition, we have modeled the effect of a constant (-5, -
2.5, 0, 2.5, 5) % error in the lengths of both l1 and l2 for all
cells on the 3-dB bandwidth. That is, l1 = 0.35av, l2 = 0.65av,
where v is an error-scaling factor to model the departure from
the desired value of one. A constant error for all cells models
the effect of machine tool tolerance that creates cells with a
constant size different to that set. The results show that the 3-dB
bandwidth changes by (-1.5, -0.8, 0, 0.5, 7) dB as v changes
from (0.95, 0.975, 1.0, 1.025, 1.05) respectively. Practical size
errors are likely to be normally distributed and centered on zero
with a small variance and these results therefore represent the
more extreme case.

The collective results of all simulations indicate that typical
fabrication tolerances are unlikely to significantly impact on the
robustness of the VPC.

C. Group Delay

A signal can be transmitted through a waveguide on a num-
ber of different modes and each mode has a slightly different
time of arrival leading to group velocity variation resulting in
dispersion and ultimately limiting the effective bandwidth for
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Fig. 7. Group delay from EM simulation for straight 10 mm and 30 mm. The
low-dispersion region is in agreement with the low-loss region in Fig. 5.

Fig. 8. Group delay from EM simulation for 10-bend and 18-bend. The low-
dispersion region is in agreement with the low-loss region in Fig. 6.

communications. Signal components are delayed by different
amounts due to the channel frequency selectivity which leads to
phase distortion. The group delay is the time taken as a function
of frequency for a signal to travel through the waveguide. In
the ideal channel with zero group delay the phase will linearly
change with frequency after phase unwrapping and the gradient
with respect to frequency (1) will be flat.

GD =
−δψ
δω

(1)

where δψ is the change in phase (radians) and δω is the change in
angular frequency. The simulated group delay for straight 10 mm
and 30 mm in simulation is shown in Fig. 7. The delay is
about 0.5 ns across the low-dispersion region as constructed from
the transmission data. The dispersion increases by about 0.4 ns
for the longer 30 mm sample. The group delay for the 10-bend
and 18-bend are compared in Fig. 8. The delay increases by
about 0.25 to 0.4 ns for the 18-bend which is comparable to the
increase seen with the short and long straight waveguides. We
can see there is limited additional impact from the bend in the
photonic band gap region and the additional delay seen at the low

Fig. 9. View showing experiment setup during the VNA measurement of the
VPC devices. Waveguide probes are connected to the VNA port as seen in the
center left and right. (Inset) The magnifying lens helps in the centering of the
VPC taper in the waveguide probe.

frequency edge for the bend is considered due to the coupling
of energy into the bulk modes. The difference in group velocity
resulting from the large and small triangle may also have some
impact.

IV. TRANSMISSION AND DISPERSION EXPERIMENT

In this section we report on the transmission and dispersion
estimation based on measurements obtained by a vector network
analyzer (VNA). The VNA measurement was achieved in two
steps from 220–330 GHz (WR3.4) and 325–500 GHz (WR2.2).
In each case, the VNA was waveguide-calibrated using a set of
Thru / Reflect / Match standards (TRM calibration procedure),
for both WR3.4 and WR2.2 bands. A photograph of the experi-
ment setup during the VNA measurement of the VPC devices is
shown in Fig. 9. The waveguide taper of width 210 μm is cen-
tered into the waveguide probe with assistance of a magnifying
lens for aligning the 3-axes.

A. Transmission

The S21 transmission for straight 10 mm and 30 mm is shown
in Fig. 10. The distinct bandgap can be seen in the figures
extending from 320–350 GHz and sharp attenuation outside.
The gray low-loss region that was generated from the simulation
in Fig. 5 is shown. Although there is some loss in transmission
observed in the center of the low-loss region it is small enough
not to impact on the 3-dB bandwidth. A part of the small loss seen
as ripple in the low loss region could be attributed to potential
misalignment of the taper and WR3.4 / WR2.2 waveguides as
well as between the taper and body itself which will result
in mode and impedance mismatching. The 3-dB-bandwidth is
computed as 29.5 GHz for the 10 mm straight. The transmission
for 10-bend and 18-bend is shown in Fig. 11 and extends
from about 323–348 GHz. The transmittance band of the bent
waveguide is slightly reduced at the lower frequency and this is
conjectured to be due to a coupling from the waveguide mode
to the bulk mode at the bend whereas total internal reflections
occur for the straight waveguide. The transmission is complex
outside the band gap with signs of more random behavior due to
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Fig. 10. Transmission from VNA measurement for straight 10 mm and 30 mm.
The gray low-loss region is as defined from the simulation in Fig. 5.

Fig. 11. Transmission from VNA measurement for 10-bend and 18-bend. The
gray low-loss region is as defined in Fig. 6.

TABLE I
MEASURED 3-DB BANDWIDTH RESULTS

the combined processes of reflection and refraction of the THz
wave occurring at the boundaries of the VPC and at the domain
wall [33], [35]. It can be seen that the bending loss is small as the
number of bends increase in the low dispersion band. The 3-dB
bandwidth is calculated as 18.3 GHz for the 10-bend and corre-
sponds to the photonic band gap region. It can be seen there is a
narrow dip of about 3.4 dB between 330.6–330.8 GHz without
which the bandwidth would have been measured at 23.8 GHz
and it is possible that this dip is due to a slight measurement
misalignment. The four 3-dB bandwidths are summarized in
Table I.

Fig. 12. Group delay from VNA measurement for straight 10 mm and 30 mm.
The gray low-dispersion region is as defined from the simulation result in Fig. 7.

Fig. 13. Group delay from VNA measurement for 10-bend and 18-bend. The
gray low-dispersion region is as defined from the simulation result in Fig. 8.

B. Group Delay

The computed group delay from complex phase data mea-
sured on VNA for straight 10 mm and 30 mm is shown in Fig. 12
where the gray low-dispersion region is as defined from the
simulation result in Fig. 7. An increase in delay of about 0.4 ns
is observed for the longer waveguide. The linear dispersion
indicates a negligible signal delay across a range of frequencies,
resulting in a larger usable bandwidth [36]. The group delay for
the 10-bend and 18-bend waveguide is shown in Fig. 13. The
gray low-dispersion region is as defined from the simulation
in Fig. 8. The low group delay over the bandgap is apparent
for both the straight as well as 10-bend structure. The average
value of group delay in the bandgap center at 336 GHz was
about 0.5 ns and 0.52 ns for the straight and 10-bend structures
respectively. The group delay increases by an average of only
about 0.3 ns within the low dispersion region despite the addition
of eight bends and this increase is less than that observed when
comparing the short and long straight waveguides.
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Fig. 14. Block diagram of the I-Q communications experiment. The VPC waveguide tapers interface between the uni-traveling carrier-photodiode (UTC-PD)
Tx and sub-harmonic mixer (SHM) receiver using probe extenders.

V. COMMUNICATIONS EXPERIMENT SET-UP

Very high data-rate communication is one of the attractive
features of THz based systems. In this section we describe the
hardware set-up for experiments to achieve our highest data-
rates to-date. Two experiment configurations were set-up for: i)
complex I-Q modulation and ii) amplitude shift keying (ASK)
modulation.

A. Complex Modulation

The block diagram of the I-Q communication experiment set-
up is shown in Fig. 14. Complex data signals were generated
by an arbitrary waveform generator (AWG) with 5 samples per
symbol. The signal stream was pulse-shaped to minimize the
inter-symbol interference (ISI) by filtering with a root-raised
cosine (RRC) filter with roll-off factor, α = 0.35. The roll-off
factor determines the amount of excess-bandwidth over Nyquist
that is used for transmission [37]. An alpha of zero represents
the brick-wall filter and α = 0.35 is a common value that is a
compromise between limiting the transmission bandwidth and
the increase in ISI.

The filtered signal was modulated on to light using a complex
I-Q modulator. The resulting optical signal was then amplified
by an erbium doped fiber amplifier (EDFA) to about 18.5 dBm,
passed through a polarization controller, voltage controlled at-
tenuator, and THz waves generated using a UTC-PD. The UTC-
PD contains a photodiode that converts the optical signal to an
electrical terahertz band signal. UTC-PD have strong potential
to down-convert advanced modulation formats from optical to
THz domain, for up to 100 Gbit/s links [38]. The VPC input
port taper was inserted into a probe extender that connected to
the UTC-PD via hollow waveguide on the Tx side. The VPC
output port taper was interfaced to the SHM by an identical
probe arrangement on the Rx side.

The SHM was pumped to operate at 317 GHz and the
down-converted signal was centered at an intermediate fre-
quency (IF) of 20 GHz. The IF signal was post-amplified using

a 40 GHz bandwidth pre-amplifier, then converted to baseband
using digital signal processing (DSP) software running on a
real-time oscilloscope (RTO). The I-Q modulator bias was set
by a two-dimensional search routine with feedback from the
DSP software to provide an optimized value. A matched RRC
filter was applied at the Rx resulting in a combined raised cosine
filtering response.

B. Amplitude Modulation

The ASK modulation experiment followed the complex mod-
ulation measurements with some changes to principle compo-
nent. A pseudo random bit sequence signal was generated by
the AWG and Nyquist filtered. The data was modulated using
a standard intensity modulator in place of the I-Q modulator.
The modulated light-carrier was amplified using the EDFA and
the optical power controlled by the VOA prior to transmission
using the UTC-PD as in the case of complex modulation. The
VPC 10-bend sample was interfaced to the Tx and Rx using
the same method as in the I-Q experiment. After envelope
detection at the Rx the signal is amplified and signal conditioned
using a limiting-amplifier. The pre-amplifier output and limiting-
amplifier output eye diagrams for the 10 Gbit/s ASK modulation
signal are shown in Fig. 15 (top) and (bottom) respectively. The
conditioned signal is then matched filtered, equalized and a real
time BER measurement made.

VI. COMMUNICATIONS EXPERIMENT RESULTS

A comprehensive communications measurement campaign
(80 tests in total) were conducted each with one or more different
settings for the VPC structure, modulation, and UTC-PD photo-
current. For each setting the error-vector magnitude (EVM),
BER performance, signal to noise ratio (SNR) and I-Q constel-
lation plot were recorded. Here we present the key performance
results.
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Fig. 15. Eye-diagrams at (top) pre-amplifier output and (bottom) limiting-
amplifier output for 10 Gbit/s ASK modulation.

Fig. 16. I-Q intensity constellation diagram for recovered symbols: 10 mm
straight at (a) 100 Gbit/s using 32-APSK, (b) 100 Gbit/s using 16-QAM,
(c) 125 Gbit/s using 32-QAM and (d) 108 Gbit/s using 16-QAM. The intensity
scale on the right indicates the 3-dimensional distribution of I-Q points over
multiple frames.

A. I-Q Intensity Diagrams

The I-Q diagram plot shows the detected symbols after chan-
nel equalization and prior to symbol demapping into data bits.
When plotting the constellation over multiple frames the inten-
sity scale indicates the 3-dimensional distribution of I-Q points.
The I-Q intensity constellation diagrams for recovered symbols
for 10 mm straight at (a) 100 Gbit/s, using 32-level amplitude
phase shift keying (32-APSK) and 20 GBaud, (b) 100 Gbit/s,
using 16-QAM (25 GBaud), (c) 125 Gbit/s using 32-QAM
(25 GBaud) and (d) 108 Gbit/s using 16-QAM (27 GBaud) are
shown in Fig. 16. The clearly defined constellation points show
the sufficient SNR level, system fidelity as well as good per-
formance of the software based DSP equalization. Meanwhile
I-Q constellation diagrams for 10-bend at (a) 60 Gbit/s using
64-QAM (10 GBaud), (b) 60 Gbit/s using 32-APSK (12 GBaud),

Fig. 17. I-Q intensity constellation diagram for recovered symbols: for 10-
bend (a) 60 Gbit/s using 64-QAM, (b) 60 Gbit/s using 32-APSK, (c) 75 Gbit/s
using 64-QAM, and (d) 50 Gbit/s using 16-QAM. The intensity scale on the right
indicates the 3-dimensional distribution of I-Q points over multiple frames.

(c) 75 Gbit/s using 64-QAM (12.5 GBaud) and (d) 50 Gbit/s
using 16-QAM (12.5 GBaud) are shown in Fig. 17.

B. Error Vector Magnitude

EVM is a performance measure of the demodulator in the
presence of interference and noise. Specifically it is the differ-
ence between the ideal transmitted symbol and the recovered
baseband symbol. Impairments such as phase noise, I-Q imbal-
ance, non-linearity and distortion from filters all contribute to an
increased EVM. The on-line demodulator software reports the
root mean square (rms) percentage EVM which is defined as (2)

EVM =

√√√√√√√√

N−1∑
k=0

|E(k)|2
N−1∑
k=0

|S(k)|2
(2)

where E(K) is the error signal and S(K) is the Tx or reference
signal, N is the number of symbols, and k is the symbol index.

EVM versus Tx relative power for 50 Gbit/s straight 10 mm
and 10-bend are shown in Fig. 18. It can be seen that the EVM
steadily decreased with log increase in the Tx power increased
but a floor eventually appeared to be reached at about 9%
for the 100 Gbit/s straight. Very low EVM was recorded at
signaling data-rates. For example the EVM was 3.8% for 32-
QAM at 40 Gbit/s and 3.8% for 64-QAM at 48 Gbit/s was
achieved for the 10-bend structure. Note an rms EVM of 9%
is considered normal for a mobile station with limited analog
to digital converter (ADC) quantization and 10% an extreme
case in microwave communications [39]. In the case of a base-
station with higher resolution ADC and high performance radio
frequency (RF) front-end the normal EVM range is 7-8%.
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Fig. 18. EVM versus Tx relative power for straight 10 mm and 10-bend.

Fig. 19. BER versus Tx relative power for straight 10 mm and 10-bend using
I-Q modulation.

C. Data-Rate and BER Performance

In general employing the higher order modulation allowed
the higher data-rates to be achieved subject to the EVM being
below a threshold to enable detection with acceptable BER.
Errors can be corrected if their frequency is below the forward-
error correction (FEC)-recoverable rate. As the I-Q constellation
points get closer together the error-rate increases and 64-QAM
modulation could be decoded at the maximum symbol rate
of 16 GBaud. The BER versus Tx relative power for the straight
and 10-bend is presented in Fig. 19. The Tx power for all
configurations is normalized to the highest Tx current of 4 mA.
That is 0 dBr corresponds to the Tx current of 4 mA. In the
case of the straight waveguide it can be seen that 100 Gbit/s
was achieved at 1.85×10−4 and below the FEC-level. For the
10-bend structure we were able to decode data at 75 Gbit/s for
sufficiently high Tx power. For both the straight and 10-bend

TABLE II
KEY STRAIGHT 10 MM PERFORMANCE RESULTS. ([*] INDICATES ABOVE THE

FEC-LEVEL OF 2×10−3)

TABLE III
KEY 10-BEND PERFORMANCE RESULTS ([*] INDICATES ABOVE THE

FEC-LEVEL OF 2×10−3)

at 50 Gbit/s the log BER reduced approximately linearly with the
log increase in Tx power and very low error rates were achieved.

Whether a symbol is recoverable however depends on if the
errors occur in clusters or are evenly distributed and also on
the type of error correction and the coding rate. In this work we
consider a commonly used value for the FEC rate of 2×10−3 [40]
and assume codes are used in the absence of long error bursts
with about a 7% code overhead. Recovery may be possible
at higher error-rates by using different codes or a higher code
overhead.

Higher order QAM enables high bandwidth efficiency but is
susceptible to noise and requires more complex hardware than
systems such as OOK. Amplifier linearity is also important due
to bits being encoded on an amplitude component. APSK is
more robust to nonlinear distortions compared to QAM signals
due to its circular constellation characteristic and is commonly
employed in the Digital Video Broadcasting - Satellite - Second
Generation (DVB-S2) standard system [41]. APSK-16 consists
of two concentric rings of equally spaced 4, 12 PSK points while
APSK-32 constellation adds an additional outer ring of 16 PSK
points.

The highest data-rate inside the FEC rate for the 10 mm
straight was 108 Gbit/s realized using 27 GBd signaling at an
error rate of 7.4×10−4. The highest data-rate above the FEC
level for the 10 mm straight was 135 Gbit/s corresponding
to 27 GBaud employing 32-APSK modulation and realized
with the BER of 1.73×10−2. The bit-rate of 62.5 Gbit/s was
achieved with BER of 1.14×10−4 while 75 Gbit/s could be
achieved at BER of 4.05×10−3 for the 10-bend design. The
key performances of the straight 10 mm and 10-bend devices
are summarized in Table II and Table III respectively.

The BER versus relative detected power from the ASK mod-
ulation experiment is plotted in Fig. 20. The result shows that
error-free (below 1×10−11) communications could be achieved
at the maximum detected power for this experiment. The NRZ
baseband signaling at 10 Gbit/s should require about 14-15 GHz
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Fig. 20. BER versus Tx relative power for 10-bend at 10 Gbit/s data-rate using
amplitude shift keying modulation.

of RF bandwidth and this requirement could be achieved within
the low dispersion band of the 10-bend sample.

VII. CONCLUSION

Data-rates of 108 Gbit/s and 62.5 Gbit/s were respectively
achieved below the FEC-level for the 10 mm straight and ten-
bend structures using complex modulation while error-free com-
munications were demonstrated at 10 Gbit/s using amplitude
modulation. The transmission band of the bending waveguide
occurs inside the photonic bandgap whereas the THz wave is
propagated in the waveguide mode with total internal reflection
for the straight waveguide. This indicates that an increase in
the bandwidth of photonic bandgap is required for higher data
rates with the bending structure. Nevertheless the simulations
and experimental results have shown the minimal increase in
dispersion in the bandgap region as the number of bends increase
other than that due to the increase in length.

Optimization of the waveguide structure with different zigzag
patterns is an area of ongoing research in order to increase the
usable bandwidth and extend the data-rate. The integration of
resonant tunneling diodes (e.g. see [42], [43]) and development
of branch and diplexer devices are also our future perspective.
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