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Capacity and Energy Efficiency of TeraHertz Surface Wave

Interconnects

Jie Qing and Miguel Navarro-Cia*

The potential of geometrically induced terahertz surface wave technology for
communications can only be realized if communication links based on them are
studied and benchmarked. The frequency-dependent transmission characteris-
tics of interconnects based on three different archetypal textured surfaces
(namely, gratings, dominos, nails) are analyzed numerically and the impact of the
geometry and realistic surface roughness on the maximum capacity and energy
efficiency is quantified. Unlike conventional hollow waveguides, the analysis
shows that the capacity of uncoated corrugated surfaces is limited by loss and not
dispersion. This work provides the guidelines for the design of terahertz surface

wave interconnects.

1. Introduction

The volume of data that needs to be transferred is continuously
increasing with the arrival of new applications and the growth
of high-definition video usage. Consequently, there is an urgent
need to achieve a transfer rate of terabits per second (Tbps) for both
wireless and chip-to-chip connections. However, reaching such a
high bit rate is currently not possible unless we shift the carrier
frequency from current microwaves to TeraHertz (THz) frequen-
cies.l! Unfortunately, in the context of chip-to-chip communica-
tions, the development of interlinks at these high frequencies is
still pending.” One potential solution for establishing such inter-
links involves utilizing highly confined surface waves!” instead of
volumetric waveguides that are ill-advised for integration.
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Surface waves have been extensively
studied in both microwave engineering!*”’
and the fields of physics/optics,!® often
using different terms to describe the same
complex wave phenomenont*”! (e.g., geo-
metrically induced surface wave, spoof
surface plasmon, and designer surface
plasmon when discussing surface wave
on textured metal surfaces). The most com-
monly used method to realize highly con-
fined surface waves at THz frequencies is
through the use of various textured metal
surfaces.* % While the attenuation and
dispersion characteristics of these geomet-
rically induced THz surface waves are well
understood, "> their application in the context of communi-
cations has not been systematically explored yet. Without a quan-
titative system analysis, any discussion about future THz surface
wave links is unfounded.

To address this knowledge gap, we present a system analysis
of geometrically induced THz surface wave links in terms of
their capacity (measured in bps) and energy efficiency (measured
in J bit™!)." For this analysis, we benchmark three of the most
popular textured surfaces supporting geometrically induced THz
surface waves, namely grating, domino, and bed of nails. These
three-dimensional (3D) platforms are chosen here instead of the
more integrable planar counterparts (i.e., spoof surface plasmons
polariton waveguides) for two reasons: 1) the planar versions
require substrates and therefore pose dielectric losses that are
of significant concern at THz frequencies and!** 2) 3D platforms
may be more suitable for scenarios with large metal parts such as
airplane and drone fuselages, desktop chassis, etc. that can be
textured to realize the interconnect. For the numerical study
to be of practical usability, we consider the impact of realistic
surface roughness to provide a realistic best-case analysis.
Although the work is numerical and no measurements are
reported here, the mode dispersion and attenuation calculation
methodology that forms the ancillary knowledge for the system
analysis have been recently validated.™®!

2. Physical Characteristics of the Link

Attenuation and dispersion are the ancillary propagation charac-
teristics of any transmission line from which to build up channel
propagation models and system analysis. Hence, we review these
characteristics for three representative textured aluminum surfa-
ces (1D grating and 2D array of dominos and nails, see Figure 1)
before reporting the secondary information capacity and energy
efficiency. We consider both ideal perfect textured surfaces and

© 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 1. Unit cell diagrams of the textured platforms and surface currents at the surface wave frequency. The geometrical parameters of the structures

h, d, p, d\, d,, p, p. are visually defined in the top row.

textured surfaces with realistic surface roughness measured
from laser machined prototypes.'® The roughness is modeled
as a Gaussian height distribution function matching the mea-
sured root-mean-square surface roughness (5 pm, unless other-
wise stated) and a Gaussian autocovariance function with
correlation length of 0.01 mm.

2.1. Dispersion Characteristic

The dimensions, presented in Table 1, are designed to support a
surface wave in the range of 0.4-0.6 THz, see Figure 2a, and con-
sider current fabrication limitations of laser machining.'®! This
frequency range is chosen to match one of the proposed bands
for future THz communication systems.'”! The dispersion char-
acteristics of all structures displayed in Figure 2 are computed
using the Eigenmode Solver of CST Microwave Studio, whose
accuracy for surface wave dispersion calculation has been tested
against measurements in the past.®!

The dispersion diagram shown in Figure 2a along with the
corresponding group delay

_9p
=34 (1)

shown in Figure 2b demonstrates that surface roughness has a
large impact on the grating dispersion causing the surface wave

frequency (i.e., the asymptotic frequency) to redshift ~27 GHz

Table 1. Designed unit cell dimensions of each structure.

d or d/d; [mm] p or px/p, [mm] h [mm]
Grating 0.04 0.1 0.1
Dominos 0.5/0.05 1/0.1 0.1
Nails 0.05 0.1 0.1
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from 0.597 to 0.570 THz. Meanwhile, the impact of the rough-
ness is minimal on the 2D array of dominos and nails, with a
blueshift of 11 GHz (from 0.583 to 0.594 THz) and 5 GHz (from
0.590 to 0.595 THz), respectively. These different impacts will be
translated to the capacity of the links as shown later.

2.2. Attenuation Characteristic

The path loss in dB cm ™' of the three geometrically induced THz
surface waves shown in Figure 1 is computed through a cutback-
like method!"® whereby

_ 4343 In(|E(@)p[*/|E(@)|*)]
Ad

)

where E(w), is the E-field amplitude at position d along the struc-
ture and Ad is the difference between two positions d1 and d2.
This path loss is composed of Ohmic, agumic, Scattering (due to
surface roughness), ey, and propagation divergence loss,!®
that we model here as an equivalent exponential attenuation,
Ospreading: fOr simplicity. All these different loss mechanisms
are disentangled through a set of time domain simulations with
aluminum (3.56 x 10’ Sm™ ') as metal model: Ohmic and scat-
tering losses are calculated from 2D simulations that assume the
structure infinitely periodic in the x-direction, whereas the prop-
agation divergence loss is computed from 3D simulations with-
out surface roughness. To map accurately the rough surface
within our computational resources, a fine hexahedral mesh
of 2pm x 2pm x 2pm was used. Time-domain CST MWS
stopped when the remaining energy in the simulation was
80 dB below the peak value.

Figure 3 presents the path loss of the geometrically induced
THz surface wave supported by each of the three geometries.
This path loss level is 3 orders of magnitude higher than those

© 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 2. a) Dispersion curves corresponding to rough and smooth surfaces. b) Group delay.
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Figure 3. aspreading ®ohmic: Fscatt, aNd Giotal fOr the a) grating, b) array of dominos, and c) array of nails. Modeled surface roughness (root mean square)
was 5 pm as per measurements of laser-machined prototypes. The blue dotted lines correspond to the average value of ascay over the six combinations
from four software-defined probes equispaced 5 mm and the corresponding shaded regions illustrate the standard deviation of the results.

reported for millimeter-wave dielectric waveguides,™ which
should restrict the use of geometrically induced THz surface
waves to short distance communications as those on on-chip appli-
cations. From the surface currents in Figure 1b, one should expect
the nail to display the lowest dopmic approaching surface wave fre-
quency; this is confirmed in Figure 3. However, the total path loss
of the nails is the highest as a result of the other attenuation con-
tributions. The dopmic and agq.y increase with frequency because of
the increasing interaction time (lower group velocity of the surface
wave as shown in Figure 2b) and confinement, and apreading is
only noticeable for nails since the nail is the only one with an iso-
tropic dispersion diagram on the xz plane.

3. Capacity and Energy Efficiency
3.1. Capacity Limited by Dispersion

In digital data transmission, the maximum achievable data rate for
a given distance and operating frequency can be determined as!'®

C = [(z(wo + Aw) — 7wy — Aw))-L]! )

where 7 is the group delay per unit length, w, is the carrier fre-
quency, and the Lis the length of the interconnect. The proposed

Adv. Photonics Res. 2023, 2300250 2300250 (3 of 6)

bandwidth for future services in the frequency band
275-450 GHz ranges from 2 GHz to 65 GHz"”"; here we take
the value of Aw as 30GHz without loss of generality.
Figure 4 shows the maximum applicable data rate versus link
length when the carrier frequency is 0.45, 0.5, and 0.55 THz
for smooth and rough textured surfaces corresponding to differ-
ent colors and line labels.

It shows that different textured surfaces exhibit different
transfer performances at the same operating frequency, while
having similarity due to the uniformity of the dispersion rela-
tionship. That the data rate decreases as frequency increases
seems counterintuitive, especially when comparing against
millimeter-wave dielectric waveguide links.**) However, this
is the natural consequence of the higher dispersion of surface
waves as the frequency approaches the asymptotic surface
wave frequency. As anticipated earlier, surface roughness
has a nontrivial impact on the capacity. For the dominos and
nails, surface roughness tends to deteriorate the capacity of the
link. For grating surface waves, however, surface roughness
leads to a counterintuitive increase of capacity. Tbps is
only achievable for distances <1mm, which reinforces the
earlier conclusion from the path loss results that surface
wave links will be restricted to short distances such those
on interconnects.

© 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 4. The maximum applicable data rate versus the length for the a) grating, b) array of nails, and c) array of holes operating at different center
frequencies (0.45 THz -blue-, 0.5 THz -green-, and 0.55 THz -red-) for perfect (solid line) and rough textured surface (dotted line).

3.2. Energy Efficiency however, in those waveguides, this is accompanied with higher
data rates. This indicates that terahertz surface wave links are
The energy efficiency of the link is influenced by the geometry of ~ limited by attenuation rather than dispersion as it is the case
the link, the operating frequency, the required capacity, and the ~ for dielectric waveguides. The impact of roughness on energy
attenuation of the link, and these parameters are intertwined.  efficiency is again nontrivial; in general, roughness results in
Quantifying the energy efficiency of the link provides a single ~ poorer energy efficiency, but the opposite happens in dominos
metric for the design of the link. In the transmitter side, an out- and nails for L <1mm.
put power ofi* We extend the analysis considering other values of surface
roughness and conductivity for a link length of 1mm. The
Poyyrx = —174dBm + 10log BW + SNR + NFgy + a-L (4)  top row in Figure 6 depicts the energy efficiency for several levels
of surface roughness ranging from a surface roughness free plat-
is required to address the link budget. BW = 2Aw, SNR is the  f51m to one with 10 pm when the conductivity is 3.56 x 10’ Sm ™ ;
required signal-to-noise ratio at the receiver, NFgx is the receiver  for the worst-case scenario that corresponds to the grating, the
noise figure. Energy efficiency is thus calculated by dividing  energy efficiency worsens by a factor of over 3. Meanwhile, the
the total power consumption to the maximum achievable  epergy efficiency for reducing values of conductivity shown in

data rate.”" the bottom row of Figure 6 demonstrates that lowering the con-
P ductivity by a factor of ~7 yields an energy efficiency reduction by
Energy efficiency = ——2™X (5)  a factor ~2 at worst.

max, binary signal

Figure 5 shows the corresponding energy efficiency in terms of 4, Com parison against the Literature
pJ bit™! assuming binary phase shift (BPSK) modulation, a bit

error rate requirement of 102, and NFgx = 10 dB. As expected  There is an increasing interest in the topic of on-chip communi-
by inspecting Equation (4) and (5), the increasing path loss with  cation links at millimeter-waves and THz. To capture this work
frequency results into poorer energy efficiency for higher center  in this context, we tabulate in Table 2 the performance of
frequencies. This is consistent with dielectric waveguides in  reported studies along with that for the here studied geometri-
which energy efficiency worsens with higher center frequencies;  cally induced terahertz surface wave interconnects of 10 mm.

@ 100 ®) 100 (i) 100

2 L2 2

@ 10+ ?‘; 10 = 10

> 1] 0SSTHg > 1] 055THz ‘5 1] 0.55TH
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Figure 5. The corresponding energy efficiency (p) bit™') for the a) grating, b) array of dominos, and c) array of nails operating at different center fre-
quencies (0.45 THz -blue-, 0.5 THz -green-, and 0.55 THz -red-) for perfect (solid line) and rough textured surface (dotted line).

Adv. Photonics Res. 2023, 2300250 2300250 (4 of 6) © 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

95U917 SUOWIWOD) 9A11E81D 3l jdde auy Aq pausenob ae Ssjolie O ‘8sn J0'Sa|nJ Joj Akelq18UIIUO AS|IM UO (SUOTIIPUOD-PUR-SLUBIW0D A8 | 1M Alelq)1|BulUO//:SdL) SUONIPUOD PUe SWie | aU1 88S *[£202/2T/62] U0 Areiqiauljuo As|IM 91 Ag 0S200€202 1dpe/z00T 0T/I0p/wo A 1M Ake.d jpuljuo//:Sdny wolj pepeojumod ‘0 ‘€6266692


http://www.advancedsciencenews.com
http://www.adpr-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHOTONICS
RESEARCH

www.advancedsciencenews.com

www.adpr-journal.com

(a) (b) (c)
é\ 0.4 perfect @0'4 perfect :\80'4 perfect
a - == 1um = === 1um i ==~ 1um
E‘ 0.3 5 um o ] E:O.} 5 um . 50.3 5 um . 4
I 10pm - P R lOpm /// R l0pm /, P
o »= 5] o .7
‘5 0.2 o '50.2 2 '50.2
3] 3] i 5]
&>5 0.1 &>50.1 == EﬁO.l
[} Q [} oz
= = =
= 0.0 = 0.0 0.0
0.45 0.50 0.55 0.45 0.50 0.55 0.45 0.50 0.55
Frequency (THz) Frequency (THz) Frequency (THz)
g 0.7 6=3.56E7 S/m @0'7 6=3.56E7 S/m ° 0.7 6=3.56E7 S/m
206 6=2E7 S/m 206 6=2E7 S/m 2.0.6 6=2E7 S/m
2 0.5 6=0.5E7 S/m _ £.0.5{ c=0.5E7 S/m 2.0.5{ 6=0.5E7 S/m
504 504 504
=] 3] 3]
% 0.3 = 0.3 =0.3
£ 02 2.0.2 2.0.2
o ) B3
g 0.1 3 0.1 5 0.1
0.0 0.0 0.0
0.45 0.50 0.55 0.45 0.50 0.55 0.4 0.50 0.55
Frequency (THz) Frequency (THz) Frequency (THz)
Grating Dominos Nails

Figure 6. Energy efficiency (p) bit ") for varying values of surface roughness with a conductivity of 3.56 x 10 Sm™" (top) and varying values of metal
conductivity with a surface roughness of 5 pm (bottom) for a 1 mm-long link based on the a) grating, b) array of dominos, and c) array of nails.

Table 2. Key performance indicators of reported on-chip communication links.

Frequency Modulation Waveguide type Distance Capacity [Gbs ] Energy efficiency [p) b~ ] References
500 GHz BPSK Surface: - - - Here
Grating 10 mm 8 35
Dominos 10 mm 6 5
Nails 10 mm 7 60
87 GHz Multilevel ASK Rectangular dielectric 0.6m 9 5.6 [22]
9m 2.5 20
140 GHz ASK (non-coherent) Planar spoof plasmon 20mm 25 0.32 [23]
120 GHz CPFSK Hollow dielectric Tm 12.7 4.8 [24]
4m 7.4 7.2
7m 2.5 28.7
165 GHz OOK Microstrip 8.1 mm 9 7.7 [25]
165 GHz OOK Dielectric 46.2 mm 10 0.32 [26]
140 GHz CPFSK Foam-clad dielectric 2m 10 - [27]
4m 7
1THz Planar spoof plasmon 10 mm 300 - [28]
150 GHz PAM-4 Dielectric (plastic PCB) 50mm 30 2.01 [29]
58 GHz QAM-16 Hollow dielectric Tm 34 - [30]
83 GHz QAM-4 Hollow and solid core dielectric 15m 8 - [37]

In terms of integration and energy efficiency, the most promis-
ing interconnect technology seems to be based on planar spoof
plasmons. If integration is not a primary design specification,
but distance and interconnect flexibility, hollow dielectric wave-
guides outperform other interconnect technologies. The textured

surfaces surveyed here should only be considered for scenarios
such as airplane and drone fuselages, desktop chassis, etc., where
existing metal parts can be textured to realize the interconnect
without the need of additional elements. Thus, it is a useful
approach to retrofit a communication channel. Given the large

Ad. Photonics Res. 2023, 2300250 2300250 (5 of 6) © 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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disparity in terms of carrier frequency, bandwidth, and modula-
tion scheme, we refrain from making any quantitative
discussion.

5. Conclusion

The physical constraints of the dispersion and attenuation char-
acteristics of geometrically induced terahertz surface wave inter-
connects on the energy efficiency of the links are investigated.
It is shown that the capacity of such interconnects is primarily
limited by the attenuation rather than dispersion. Therefore, the
surface texture and roughness of terahertz surface wave intercon-
nects will be key parameters for energy efficiency, and the choice
of suitable surface texture and small roughness is an effective
way to improve the energy efficiency of the links. This article pio-
neers a quantitative analysis of the data transmission capacity
and energy efficiency of terahertz surface wave interconnects
to highlight their limitations and provide a methodology for
benchmarking.
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