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ABSTRACT

Miniaturized photonic devices at the terahertz (THz) band are envisioned to bring significant enhancement to data transfer capacity and
integration density for computing and future wireless communications. Broadband silicon waveguiding technology has continuously
matured to advance low-loss platforms for integrated solutions. However, challenges are faced in realizing compact waveguiding platforms
with different degrees of bends due to bend induced losses and mode distortion. Here, we demonstrate multiple bend incorporated photonic
crystal waveguide platforms for multicarrier on-chip transmission. Our silicon interconnect device exhibits optimized bending radius to the
free space wavelength ratio of 0.74, without signal distortion and transmission bandwidth of 90 GHz, representing 25.4% fractional
bandwidth at 355 GHz. The broadband waveguide interconnect enables an aggregate data transfer rate of 327 Gbps by sending the complex
modulated data over multiple carriers. This work augments the development of THz photonic integrated circuit for the future generations of

on-chip high data rate interconnect and wireless communication, ranging from the sixth to X generation (6G to XG).

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0168016

The ever-increasing demand for higher bandwidths and data
rates mandates a move to the higher carrier frequencies enabled by the
Terahertz (THz) frequency region.' The next generation of integrated
technology will be based in the frequencies between 0.1 and 10 THz
where bandwidths exceeding tens of GHz are possible.””
Consequently, by Shannon’s theorem, higher channel capacities and
data rates are achievable in this frequency region. The move to THz
frequencies is also catalyzed by desirable traits of these frequencies like
non-ionizing radiation and the presence of spectral features that enable
a myriad of applications ranging from THz spectroscopy,” sensing,
imaging,”” high-resolution radar,” and wave trapping.'’ The lower
losses and straightforward integration with conventional CMOS tech-
nology make on-chip silicon (Si) waveguides a key platform to fully
harness the advantages accrued in the THz frequencies.'' In addition
to these advantages, the control of electromagnetic (EM) mode propa-
gation by planar components starkly contrasts with metallic THz

waveguides whose bulkiness, high insertion, and Ohmic losses compli-
cate their integration in THz systems.'” Looking toward THz-ICs for
6G to XG, the next generation of communication systems will require
devices and sub-systems where denser integration and higher band-
widths are possible.” '° While bending of propagation channels
reduces the chip footprint and facilitates the interconnection of multi-
ple functionalized components, higher bandwidths boost the transport
of data through multiple channels across different frequency bands on
a single miniaturized chip.

Photonic crystal (PC) slabs present a convenient way to design
high bandwidth Si THz waveguides.'” They are two-dimensional
structures made with dielectric materials featuring perforated air holes.
Arrays of such perforated air holes create a periodically varying refrac-
tive index in the structure leading to a photonic bandgap (PBG) where
no electromagnetic modes exist.'” Compact THz waveguides can be
made by introducing a line defect. This is done by filling one line of air
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holes with the dielectric material. The PBG effect leads to strong in-
plane confinement and waveguiding.'® Consequently, a wider PBG
leads to a wider bandwidth. Line defect-based waveguides have been
demonstrated for THz wave propagation.'””” When compared with
other THz waveguiding approaches like effective media or supporting
structure based,”’ ** PC slab waveguides tend to be robust and do not
require additional support structures. Furthermore, the geometric
parameters of the slab can be tuned to achieve high bandwidths.”’
These expedient features make PC slab waveguides ideal candidates
for the design of high-capacity THz range interconnects for the devel-
opment of THz photonic integrated circuit (TPIC).

Dense integration of THz waveguiding systems requires that the
performance does not degrade when features like bends are incorpo-
rated into their design. However, in conventional line defect wave-
guides, radius of curvature must far exceed the wavelength of light to
avoid large losses at the corners.”’ Sharp bends limit the bandwidth of
high transmission restricting practical applications. This loss in band-
width is also accompanied by bending losses due to scattering at these
corners. Significant efforts have been dedicated toward overcoming
these limitations. 60° bends were demonstrated by optimizing the
shape and size of the air holes of the PC lattice at the corners.’’
Capsule-shaped defects were introduced which employ total internal
reflection (TIR) to bend the waves smoothly around the corners. "
The bandwidth was still constrained by radiation around the defect
causing bending loss. Bends with radius twice the operational wave-
length of light equal to 2mm have also been engineered using the
effective media approach.'” Though standalone Si rectangular/strip
waveguides offer an alternative to designing bent waveguiding chan-
nels for THz propagation, they are beset by several physical and opera-
tional difficulties. Firstly, these waveguides are multimode in nature.
Higher-order modes supported by these waveguides could adversely
interact with the fundamental mode leading to multimode interference
and higher radiative losses.””"* Additionally, such strip waveguides are
difficult to handle and require complex support structures. Scattering
free transport at bends could also be enabled using intriguing physics of
photonic topological insulators where topological protection supports
robust waveguiding.”” *’ However, the bandwidth of such structures is
limited and, therefore, renders infeasible the transmission of multiple
channels centered at different carrier frequencies. The higher data rates
and the co-existence of multiple communication channels in wide band-
width devices allow for a great degree of freedom in using such devices
to develop THz communication systems. Multiple channels sharing the
same front-end reduce system complexity. Additionally, due to channel
signal-to-noise ratio (SNR) being inversely proportional to transmission
channel bandwidth,"" multicarrier narrow-band channels have key
advantages in transmitting signal penalty and data transfer capacity over
one single-carrier broadband channel.

In this work, we unveil a sub-wavelength radial bent waveguide
platform on a Si PC slab, where the broadband (90 GHz with 25.35%
of fractional bandwidth around 355 GHz) nature of device is preserved
even in the presence of multiple bends along the waveguiding path. In
our design, line defects were created in PC slab for straight waveguid-
ing, while Si rectangular waveguide sections were used to introduce
bends of various degrees (90°, 120°, and 180°). Sharp bending radii
and scattering at the corners due to the PC slab region are major con-
tributors to the bending losses. We reduce the bending losses through
careful design of the bend-region. In conventional line defect

pubs.aip.org/aip/apl

waveguides, light is scattered upon reaching the corners. Typical
approaches to reduce bending-induced scattering losses involve engi-
neering the bends by joining adjacent air holes to remove these scatter-
ing centers in the bend-region. Our device is a natural extension of
such approaches where we join all the air holes on both sides of the
rectangular waveguide region to form an air gap region about a

quarter-wavelength (ﬁ , where A is the free space wavelength) on the

either side of Si waveguide bend. The sub-wavelength bending radius
of these circular rectangular waveguide bends was chosen after taking
into consideration the radiation loss and mode distortion of the propa-
gating EM mode. The high bandwidth of the bent waveguide is utilized
to support multicarrier transmission by dividing the available band-
width into four non-overlapping frequency bands centered around dif-
ferent carrier frequencies. We also perform a data communication
experiment to transmit four QAM-modulated channels at different
carrier frequencies to achieve an aggregate data transfer rate of 327
Gbps. This demonstration opens new avenues for on-chip TPIC wave-
guide technology and low-loss interconnects and addresses key chal-
lenges in achieving high aggregate data rates in compact multicarrier
systems for 6G to XG wireless communications.

Figure 1(a) shows the schematic of our broadband Si waveguide
system, which comprises of straight PC and the bent rectangular slab
waveguiding region. The chip has been made with high resistivity Si
(HR-Si) with resistivity >10 kQ-cm due to low-loss feature of HR-Si at
THz frequencies, better refractive index contrast (n ~ 3.2), and CMOS
integrability. The chip thickness is chosen to be 200 um to ensure verti-
cal confinement in both the defect and the slab regions. The finite
bandgap of the PC defect region determines the operational bandwidth
of the device, which supports four independent high-speed communi-
cation channels with different carrier frequencies (f.;, f.o, fi3, and foy).
All four channels are well separated in the frequency spectrum to avoid
adjacent channel interference. The signal is coupled to the on-chip
waveguide through a tapered structure at both ends of the Si slab. The
projected image of the PC on the XY plane shown in Fig. 1(b) high-
lights the PC region, which contains a two-dimensional (2D) triangu-

« _»

lar lattice of circular air holes with a lattice constant “a” of 240 um and
a hole radius “+” of 0.3xa (more details in Sec. A of the supplementary
material). Filling the air holes in a straight line forms a line defect and
enables waveguiding in the PC bandgap region. The rectangular wave-
guide region, incorporating a bend of 180°, is highlighted (with green
color) in Fig. 1(c). The width “w” of the rectangular waveguide region
is 240 um, while the optimized bending radius “r,” is 623 um (bend
radius optimization in Sec. B of the supplementary material). The bent
region, propagating the entire signal within the PC bandwidth without
any significant distortion, is created by removing a circular area of the
PC slab with an inner radius “r;” of 311 um and an outer radius “r,” of
935 um (additional details in Sec. C of the supplementary material).

«, »

The width “w” of waveguiding region, for the lateral confinement of
propagating mode, is equal to the lattice constant “a,” which is advan-
tageous compared to topological edge state-based waveguides, where
lateral confinement along domain wall is spread out to about 5 times
the unit cell periodicity.3  The bending radius (r;) to free space wave-
length (“A” corresponding to the central frequency of the PC bandgap)
ratio (%) of 0.74 enables sub-wavelength bending radius throughout
the device bandwidth. The bending radius is chosen to perfectly align
the rectangular waveguide region with the line defect. Figure 1(d)
shows the optical image of the fabricated sample. The same bending
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FIG. 1. On-chip hybrid PC-rectangular slab waveguide. (a) Schematic image showing broadband waveguide with bends and supporting four high-speed/broadband channels
(Ch1, Ch2, Ch3, and Ch4) centered around carrier frequencies (fy1, feo, fe3, and fy). (b) Projection of straight (left) and (c) bent (right) waveguiding region on the XY plane. The
straight waveguide is realized by creating a line defect (removing row of air holes as shown by dotted circle) in Si PC slab with drilled air holes of radius “r" with a lattice con-
stant “a” equal to 240 um. The bent rectangular waveguide has a width “w” of 240 um and a bending radius “rs” equal to 623 um with circular air gap region extending to radius
“ry (311 um)” and “r (935 um)” on either side of the bent region. (d) Optical image of the fabricated sample, where zoomed images at the top right and bottom left show Si PC
with air holes and waveguide bends, respectively. The device supports four independent communication channels via Port 1 and Port 2 within the device bandwidth of 90 GHz

with an aggregated data rate of 327 Gbps.

strategy is used to realize rectangular waveguide bends of 90° and 120°
(sample images in Sec. D of the supplementary material). The band-
width of fabricated device is sufficient to accommodate spectrally sepa-
rated four high-speed independent QAM-32 modulated channels
(Ch1, Ch2, Ch3, and Ch4) to support an aggregate data transfer rate of
327 Gbps. The surface roughness of the Si slab used for device fabrica-
tion may affect the device bandwidth especially if there is a large varia-
tion in air holes radius during the Si etching process (more details in
Sec. E of the supplementary material).

The advantage of PC in designing the on-chip wideband wave
propagation channels could be further understood by the photonic
band structure of 2D lattice of air holes in Si slab. The large bandwidth
has been made possible by the prudent optimization of the PC lattice
parameters. COMSOL Multiphysics based photonic band structure
calculation of unit cell for the 2D periodic lattice reveals the existence
of a PBG for transverse electric (TE) modes (shown in Sec. A of the
supplementary material). A Line defect is created in PC slab for wave
propagation, where waveguiding is enabled by the PBG effect contrib-
uting to lateral confinement (XY plane) and TIR enabling vertical con-
finement (z-direction) 11. Figure 2(a) shows the numerically
calculated projected band diagram for the PC slab with line defect,

where even (solid blue curve) and odd (dotted blue curve) TE modes
are supported in the bandgap region. Compared to odd mode, even
mode is broadband, exists in the frequency range from 300 to
390 GHz, and could be excited through hollow rectangular metallic
waveguides via tapered Si couplers. Even mode possesses even spatial
symmetry, as shown by the simulated normalized magnetic field |H,|
distribution, and has linear dispersion for almost 72% of the PBG
(~65 GHz) region. Though the rectangular waveguides used to incor-
porate the bends feature higher bandwidths, their fragility necessitates
the use of auxiliary support structures, impeding their translation into
on-chip THz waveguiding platforms** for TPIC applications. We
negate such requirements by using rectangular waveguides only at the
bends, where they are supported by the PC slab. Using these two wave-
guiding systems in tandem ensures lossless propagation of light
through multiple tight bends with low bending losses. Figure 2(b)
shows the magnetic field profile (H,) of the propagating modes in all
the waveguides with bends and a straight waveguide featuring only a
line defect waveguide. The bends transmit the electromagnetic modes
between the waveguiding line defects in PC without any significant
bending loss and reduction in the transmission channel bandwidth.
The measured transmission spectra, in Fig. 2(c), showcase the low-loss
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FIG. 2. Broadband all-Si sub-wavelength bend engineered waveguide interconnect for THz photonic integrated circuit (TPIC): (a) Projected band diagram (left image) of peri-
odic line defect PC waveguide, where solid (even mode) and dashed (odd mode) blue lines show the dispersion of the TE modes in the PC bandgap between the bulk bands
(grey region). Simulated normalized magnetic field (|H,|) distribution (right image) of the even TE mode, for which the line defect region supports broadband wave propagation.
(b) Real component of magnetic field profile (H,) at 330 GHz for straight, 90° bend, 120° bend, and 180° bend showing good confinement and low-loss propagation at the engi-
neered bends with a bending radius of 0.744, where “1” is the free space wavelength corresponding to central frequency of the device bandwidth. (c) Experimentally measured
transmission for the four waveguides highlighting the structure’s wide bandwidth (90 GHz). (d) “Insertion + Bending” loss for the bend engineered waveguides as compared to
the straight waveguide. The 0 dB black line indicates reference loss line with respect to the straight waveguide.

signal transport performance of the fabricated PC devices with and
without bends (measurement method in Sec. F of the supplementary
material). Next, we compare the losses in the bent waveguides with
that of the straight waveguide. Figure 2(d) shows the total loss, the
sum of insertion and bending losses, of all the waveguiding configura-
tions obtained by subtracting the transmission of the straight wave-
guide from the bent waveguides. However, we observe significant
bending loss at lower frequencies in PC devices with 90° bends. The
effects of insertion losses, which arise due to misalignment of tapered
couplers with the WR 2.8 metallic hollow waveguides, cannot be
neglected in low-loss waveguiding platforms. Experimental limitations
curtail any attempts to make the insertion losses equal for all
samples leading to inconsistent behavior of total loss. Hence, the 180°
bend appears to have lower losses compared to the straight
waveguide. Furthermore, no significant contribution due to bending
losses could be observed in the waveguides with 120° and 180° bend.
Better estimates of bending losses can be obtained experimentally
using samples with large number of bends where the bending losses
will become a major contributor compared to insertion losses. Bending
loss for different number of bends was obtained via simulations by set-
ting the insertion losses to be equal. For bent PC waveguides,
simulated transmission spectra show that the bending loss is
negligible for operational frequencies beyond 340 GHz, but it varies
from 1.4 to 1.9dB in the lower frequency range of the transmission
bandwidth (additional information in Sec. G of the supplementary
material).

The group delay (GD) of a device enables quantitative estimation
of phase distortion in the signal path. Rapid variations or ripples in the
group delay are indicative of a dispersive device, which could distort
the passing modulated data signal leading to incorrect signal recon-
struction at the receiver.”’ Therefore, devices are engineered to have
flat group delay to ensure low bit error rates (BER) in data transmis-
sion. Figure 3(a) shows the experimentally measured group delay
within the transmission bandwidth of the PC waveguide with 180°
bend (group delay of all samples in Sec. H of the supplementary mate-
rial). At the center of the transmission bandwidth, the measured group
delay for a physical propagation length of 23.76 mm is around 0.3 ns,
while at both ends of the bandwidth, the group delay increases nonli-
nearly. A salient feature of the PC waveguide is the limited phase dis-
tortion highlighted by the flat group delay in the transmission
bandwidth. Desirable traits like low-loss transmission and flat group
delay over a large bandwidth make the PC waveguide a prime candi-
date to transmit complex IQ-modulated signals. To substantiate this
utility of the broadband PC platform, we performed data communica-
tion (datacom) experiments by allocating the entire bandwidth to four
independent channels (detailed THz communication setup details in
Sec. F of the supplementary material). Figure 3(a) also shows the por-
tion of transmission bandwidth allocated to each channel (Chl:
20 GHz, Ch2: 18 GHz, Ch3: 15GHz, and Ch4: 12.5 GHz). Sufficient
spectral separation between adjacent channels minimizes the risk of
channel interference while determining the aggregate data capacity of
the on-chip device using the entire available bandwidth. Through each
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FIG. 3. 327 Gbps on-chip communication with THz waveguide interconnects. (a) Experimentally measured group delay for PC waveguide with 180° bend, and bandwidth of
individual channels (Ch1, Ch2, Ch3, and Ch4) within the transmission window of PC waveguide. (b) IQ constellation diagram and data rate (Gbps) for individually transmitted

QAM-32 modulated channels with (PC1go-) and without (Ref.) bent PC waveguide. (c)

EVM @ QAM-32 vs relative power transmitted with (solid line for PC4go-) and without

(dotted line for Ref.) for Ch1 and Ch2 (top figure), and Ch3 and Ch4 (bottom figure). Top figure corresponds to carrier frequency 326 and 350 GHz, while bottom figure corre-

sponds to carrier frequency 370 and 390 GHz.

channel, QAM-32 modulated data signal with baud rate equal to the
channel bandwidth is transmitted to estimate the data capacity. The
carrier frequency of each channel is the central frequency of
the assigned spectral range of the respective channel. The details of
the four communication channels are summarized in Table I
Additionally, using Real Time Oscilloscope (RTO) based setups
with 70 GHz bandwidth, we capture the constellation diagrams, and
the error vector magnitude (EVM) of the IQ-modulated signal.
Figure 3(b) shows the IQ constellation plots for all the channels cap-
tured at the receiver after the modulated signal passes through the
180° bend incorporated PC waveguide. These constellation plots are
compared with that of the reference (Ref.) constellation plots.
However, high frequency RF losses from the RTO setup limit the
ability to capture high data transfer capacities at higher carrier fre-
quencies necessitating a trade-off wherein the baud rate is lowered

TABLE 1. Communication channel parameters for the data communication experi-
ment using QAM-32 modulation format for all channels.

Freq. Carrier Symbol Data
Channel range (GHz) freq. (GHz) rate (GBaud) rate (Gbps)

for the higher carrier frequencies to ensure successful detection of
the bits in transmitted signal. Furthermore, as shown in Fig. 3(c), we
compare the EVM vs relative transmission power for all four chan-
nels, to quantify the performance of the 180°-bend PC waveguide as
a THz transmission channel. The top figure shows the experimen-
tally measured EVM performance for Ch; and Ch, with and without
PC waveguide, while the bottom figure shows EVM performance for
Ch; and Chy. It is evident that increasing the transmitted power
improves the signal-to-noise ratio (SNR), thus reducing the EVM
for all data transmitting channels with (PC,g¢-) and without (Ref.)
chip.

We estimate the power penalty or the additional transmission
power required to overcome the channel losses introduced by the PC
waveguide to restore the channel performance at constant EVM to the
case without the chip (Ref. case). The power penalty is quite sensitive
to the spectral bandwidth of the QAM-32 modulated signal. Reducing
the transmitting channel bandwidth from 20 to 12.5 GHz reduces the
signal noise, improving the SNR leading to a lower power penalty at
the lower baud rate. For a fixed EVM value of 7%, the PC waveguide
chip introduces a power penalty of 7, 5.5, 4, and 2dB for Chl, Ch2,
Ch3, and Ch4, respectively. Apart from the impact of baud rate on the
penalty, the increase in the impact on Ch1 can also be attributed to the

Chl 315-337 326 20 100 higher group delay dispersion closer to the lower-end of the available
Ch2 340-360 350 18 90 bandwidth [Fig. 3(a)]. Furthermore, to highlight the importance of our
Ch3 362-378 370 15 75 PC waveguide with sub-wavelength bends, we compared its perfor-
Ch4 383-397 390 12.5 62.5 mance with the recently demonstrated on-chip topological waveguide

platform (as shown in Table II).
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TABLE II. Performance comparison of our Si slab based sub-wavelength bend PC waveguide with topological waveguide.

SL. No. Performance metric Topological waveguide Bent PC waveguide (this work)
1 Bandwidth ~35GHz" >90 GHz
2 Propagating mode lateral extent ~4 Jg M ~Asit
3 Bending angle 60° and 120°*° (Hexagonal lattice) 30°, 60°, 90°, 120°, 180° (Flexible)
4 Back scattering due to bends Robust to sharp bends Depends on bending radius
5 Insertion loss in coupling the signal High**™* Negligible
to waveguide. (via tapered Si coupler)
6 Data speed using THz as carrier Up to 160 Gbps™ (single carrier freq.) Up to 327 Gbps (multiple carrier freq.)

*Jsi: Wavelength in Si slab.

In conclusion, broadband waveguide platform with sub-wavelength
bends offers a promising solution for densely integrating various sub-
wavelength photonics components in emerging THz photonic integrated
circuit (TPIC) applications. We experimentally demonstrated an on-chip
Si-based defect PC waveguide platform with bends, where ultralow loss
transmission of the signal through the chip is observed throughout the
device bandwidth. The bending radius, which is nearly 0.74 times the
wavelength corresponding to the central frequency (355GHz) of the
device bandwidth, shows nearly identical performance to straight PC
waveguide. Building on this, we also perform a communication experi-
ment with four independent non-overlapping channels to utilize the entire
device bandwidth and achieve an aggregate data transfer rate of 327 Gbps.
Our design strategy will aid the development of THz electronic-photonic
integrated circuitry with a reduced footprint and several on-chip function-
alities for more reliable, cost-effective, and broader bandwidth terabit per
second 6G to XG interconnect and wireless communication applications.

See the supplementary material for bandgap calculations, experi-
mental details, waveguide bend optimization, sample images, and fab-
rication details.
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