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Abstract— The dielectric slab rectangular waveguide (DSRW)
has been widely studied and used for increasing the single-mode
bandwidth (BW) of rectangular waveguides. This work presents
a DSRW for equalizing the group velocity of the first two
propagating modes in the structure. Suitably scaled, this DSRW
design can be used in chip-to-chip communications to yield
interconnects that avoid dispersion while enhancing the BW
density of these systems. A theoretical analysis is introduced
to show the equalization BW attained depending on the slab
dimensions with regard to the rectangular waveguide width and
the dielectric permittivity of the materials that fill the waveguide.
A proof of concept slab rectangular waveguide is designed to meet
a 45% equalization BW around a center frequency of 10.0 GHz.
The design is scalable and can be adapted to fit the dielectric
permittivity of available materials. Several waveguide sections
were fabricated using additive manufacturing (AM) techniques
and two dielectric materials with different permittivities. Simu-
lations and measurements confirm the waveguide behavior at the
design frequency range. TE;y and TE,) modes exhibit the same
group velocity of 0.36 x ¢, at 7.95 GHz.

Index Terms— Additive manufacturing (AM), chip-to-chip,
dispersion, group velocity, interconnect, mode equalization, rect-
angular waveguide, slab waveguide.

I. INTRODUCTION

HERE exists nowadays a rapidly growing demand of

interchip communication capacity due to the intense
data traffic associated with mobile and web applications,
and machine learning workloads [1], [2], [3]. This has led
to investigate the use of mm-wave and sub-THz frequency
bands along with interconnect transmission media to guarantee
reliable ultrahigh speed chip-to-chip communication links [4],
[5], [6]. Implementations of chip-to-chip interconnects have
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been devised by optical and electrical means. The main
drawback of the optical approach is the difficulty to inte-
grate the required elements in chip fabrication processes (like
CMOS technology). In the electrical implementation case,
several guiding technologies have been proposed: rectangular
waveguide [7], dielectric waveguide [8], Si-filled rectangular
waveguide [9], substrate-integrated waveguide (SIW) [10],
and multimode (orthomode) waveguide [11]. Moreover, the
main problems that limit the performance of these waveguides
have been identified and are basically two: attenuation and
dispersion [12], [13]. Dispersion in this context refers in par-
ticular to intramode dispersion since proposed communication
interconnects are targeted as single-mode to avoid intermodal
dispersion. However, higher transmission rates would be possi-
ble at frequencies above the cutoff frequency of the first higher
order mode. This would enhance the so-called bandwidth
(BW) density if intermodal dispersion is reduced to acceptable
levels. Additionally, multimode SIW has been proposed for
multichannel signaling systems [14]. The SIW structure in [14]
can accommodate two orthogonal channels when the mode
launchers are efficiently designed to prevent coupling between
them. However, such a multimode SIW signaling channel has
limited performance due to the fact that signals traveling in
each mode propagate at different velocities. This could be
solved if both modes in the SIW waveguide exhibited the same
group velocity.

In this work we propose a simple approach for equalizing
the first two modes propagating in a waveguide structure
to guarantee the integrity of the propagating signals, when
used above the single-mode BW to reach higher trans-
mission rate interconnects. Recently, dispersion-equalization
techniques have been proposed for SIW interconnects in the
monomode regime at the expense of employing additional
devices to the channel interconnect [15], [16]. To the best of
our knowledge, our work presents for the first time a dielectric
slab rectangular waveguide (DSRW) which is conceived and
designed for obtaining equal group velocities for the first two
modes propagating in the structure. This proposal would allow
chip to chip communication links to work above the cut-off
frequency of the first higher order mode in the waveguide
optimizing the channel usage versus the occupied connection
volume (with no use of additional or external elements).
It consists in the usage of a DSRW as if it were a graded
index optic fiber [17], [18]. In the optic fiber case, the
dielectric permittivity profile in the structure is designed to
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allow faster propagation velocities to those modes that travel
larger distances [19], [20]. The DSRW can be employed to
slow down the group velocity of the fundamental propagating
mode at a given frequency while not affecting significantly
the group velocity of the first higher order mode at the same
frequency.

The DSRW was first conceived and has been employed
since for increasing the single mode BW of rectangular waveg-
uides Ayres et al. [21], [22]. However, the lack of available low
loss dielectric materials with different dielectric permittivity
values, and the difficulty to integrate them in conventional
rectangular waveguide fabrication milling procedures has lim-
ited its use. In recent years, AM has become a technology
mature enough to be considered for producing waveguide
devices [23], [24]. It ensures fast and inexpensive prototyping
of designed networks while allowing a variety of possibilities
to the microwave circuit designer not accessible with tradition-
ally unconnected technologies: waveguide, coaxial, or planar.
AM facilitates the complete integration of these alternatives
and provides a wide variety of techniques and materials to
attain a particular implementation or response.

We present a proof of concept rectangular waveguide for
equalizing the group velocities of the first two propagating
modes in the structure in a 45% BW around the design
frequency of 10.0 GHz for a +2.5% group velocity deviation
range. It consists of a DSRW fabricated using AM techniques
and two dielectric materials with different permittivity values.
The design is scalable and can be modified according to the
frequency specifications and permittivity of available materials
for applications such as chip-to-chip communications.

The work is organized as follows in six different sections.
Section II gives the theoretical background necessary for
designing a DSRW meeting a particular equalization band-
width. Section III presents the particular proof of concept
rectangular waveguide design, while Section IV provides
a deep insight to the DSRW implementation and to the
S-parameter characterization. Section V is devoted to the final
results and the determination of the TE;y and TE,y, group
velocities. The work ends with the conclusions in Section VI.

II. DIELECTRIC SLAB RECTANGULAR
WAVEGUIDE THEORY

The geometry of the DSRW is shown in Fig. 1. The
rectangular waveguide is completely filled symmetrically with
two dielectric nonmagnetic materials, one placed in the central
portion of the waveguide and the other on the sides.

A comprehensive study of the longitudinal section electric
fields in the structure is given in Ayres et al. [21]. The
geometry of Fig. 1 imposes boundary conditions that imply
that electric fields not presenting a y dependence are in
fact TE modes. In Ayres et al. [21], expressions are given
for determining the propagation constant and the electric
field distribution of TE,,y modes with m odd for an empty
rectangular waveguide loaded in its central portion with a
dielectric slab (i.e., &,4 = 1). Next, equations from Ayres et al.
[21] are generalized for different values of ¢,4 and also the
electric field distribution of TE,,o modes with m even is given.
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Fig. 1. Cross-section view of the DSRW. Metallic walls are shown in dark
gray color, the high permittivity region in white color, and the low permittivity
region in light gray.

The transversal electric field distribution for TE,,; modes in
geometry of Fig. 1 is given by
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The cutoff frequencies are obtained imposing B = 0 in (2a)
and (2b) and substituting in (3) for the odd modes or in (4)
for the even modes. Using (1), it is possible to calculate
the transversal electric field distribution for TE,,; modes in
the structure of Fig. 1. Meanwhile, equations (2a-b), along
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with (3) for odd or (4) for even index m, can be solved for
each frequency to obtain the dispersion diagram of the TE,,o
modes in the structure of Fig. 1 as a function of the dimensions
a and ¢, and the permittivities &,; and &,.. This leads to the
following transcendental equation for the TE;y mode

Vi = i tan] (“55) i - |
= i = Bl o 5 12 = 4

where k; = a)ﬁrlé2 /co and k. = a)erlc/.2 /co. Analogously, for the
TE»o mode,

Vi = 83 vanl (“5) i - 3 |
= JK2— B2, tan[%,/kg - ﬂg(,].

The solutions of (5a) and (5b), which have to found by
numerical means, yield the dispersion relations § = Bio(w)
and B = Bro(w). After numerical derivation, the group veloc-
ities vgi0(w) = (dBro/dw)™" and Vgoo(w) = (dBay/dw) 'are
obtained. Although not made explicit to simplify the notation,
these velocities depend on a,c, &4, and ¢&,.. The absolute
difference in group velocities between both modes can then be
calculated as a function of frequency and design parameters:

(52)

(5b)

[vg10 — Vg20l = F(w;a, ¢, &ra, &rc).

The design parameters a, c, €,4, and &, can be varied within
the ranges restricted by geometrical constraints or material
availability to keep the function F under a prescribed tolerance
AF in a given frequency band (f, f2).

Fig. 2(a)—(o) shows the dispersion diagram and the group
velocity of the first four modes (TE;y, TE,y, TEj3p, and
TE4p) which propagate in a DSRW with ¢ = 30.0 mm and
b = 0.70 mm. The DSRW is formed by two materials with
&gq = 3.0 and &,. = 7.4. Also, shown are the normalized
transversal electric field distributions obtained from (1) for
the modes which propagate at 7.95 GHz. These characteristics
are depicted for different values of the central portion width
¢, which is drawn in gray in the right column of set of
Fig. 2. Fig. 2(b) and (c) indicates that the fundamental mode
is strongly affected by a ¢ = 1.0 mm thin layer of dielectric
with &,. = 7.4. The sinusoidal field distribution of the
homogeneous case becomes a close to triangular distribution
while the group velocity of the TE;y mode equals that of the
TE,op mode at 11.7 GHz. For this central slab width, only two
modes propagate at 7.95 GHz. When ¢ = 7.0 mm, Fig. 2(h)
and (i) stresses that the TE;; mode behavior is significantly
modified. For this case, there are two frequencies, 7.62 GHz
and 13.43 GHz, where the group velocities of the TEy and
TE;p modes are equal. Fig. 2(k) highlights that the group
velocity v, of the TE;yp mode is within +2.5% of v, of the
TE|p mode in a BW ranging from 7.5 to 12.0 GHz. This is
obtained when the central slab is ¢ = 8.0 mm. At the particular
frequency of 7.95 GHz, both group velocities equal 0.36 x co.
Finally in Fig. 2(n), for ¢ = 9.0 mm, it is possible to observe
that there is no frequency where the group velocities of the first

two modes propagating are equal. It is also worth noting at the
sight of Fig. 2(k) and 2(n) that for an intermediate value of ¢
between 8.0 mm and 9.0 mm, it would be possible to equalize
the group velocity of the first three modes propagating in the
structure near 10.0 GHz.

From this analysis, it can be concluded that the DSRW
studied can be used to obtain a wide BW where equalization
(£2.5% of v,) of the TE¢ and TE;y modes is met. While this
result has a general value, the optimal dimensions can change
if different values of the permittivity are adopted for the two
dielectric materials. Additionally, even better results could
be achieved by using a properly designed smooth transition
between the two materials, instead of the sharp transition
adopted in this work and shown in Fig. 1. For a practical
chip to chip communication link implementation, material per-
mittivities available in chip fabrication processes (like CMOS
technology) should be considered. Also, the dimensions of the
proposed DSRW waveguide should be scaled according to the
targeted transmission frequencies.

Recently, equalization methods have been used for SIW
interconnects in the context of intramodal dispersion [15],
employing additional external passive devices and classical
schemes. On the other hand, dispersion-free designs have been

demonstrated for dielectric waveguides [25], where minimal
dispersion can be achieved in multimode regime (along with
higher data rates). In our DSRW design, intramodal dispersion
is minimized by using frequencies well above the single-mode
BW (ensuring higher data rates), while equalizing the group
velocity of higher order propagating modes, thus minimizing
the intermodal dispersion as well.

III. DESIGN FOR EXPERIMENTAL
VALIDATION OF THE DSRW

In order to validate the expected behavior of the proposed
DSRW, the following experiment was designed and simulated.
Two DSRW sections with lengths /; = 4.0 cm and I, =
7.0 cm, were employed to determine the group velocity in the
structure. The dimensions of the DSRW are a = 30.0 mm,
b = 0.70 mm, and ¢ = 8.0 mm, (with &, = 3.0 and
& = 1.4). S-parameters are used to obtain the group delay in
each section, 7,1 and 74. The group velocity is then calculated
as

L —1
Vo =
8

Tg2 — Tg1

L—1
At

This procedure was applied to the TE;y and TE;y, modes.
At 7.95 GHz, both group velocities should be in agreement
with those in Fig. 2(k) (v, = 0.36 x c¢p). In order to
demonstrate accurately the behavior of the proposed DSRW
for equalizing the TE;o and TE,(, modes, independent circuits
with simple feeding networks were fabricated for each mode.
However, both modes could be fed simultaneously as pointed
out in recent works [14], [26].

(6)

A. DSRW for TEy Propagation Design

Fig. 3 shows the two sections of different lengths employed
to determine the group velocity of the TE;y mode in the
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Fig. 2.

Dispersion diagram (left column) and group velocity (center column) of the first four modes propagating in the DSRW as a function of the central

slab width c. Transversal electric field distribution of the first modes propagating at 7.95 GHz (right column), shown in gray the central slab width c.

DSRW structure using (6). The sections include microstrip to
waveguide input/output transitions optimized to yield a good
reflection coefficient response around 7.95 GHz. Microstrip to

waveguide transitions are exactly the same for both DSRW  S-parameter

simulations

sections of different lengths. The length of these transitions is
1.5 cm since our experimental measurement equipment limits
the total length of devices under characterization to 10.0 cm.
and optimization were carried
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Fig. 3.  DSRW views of the two sections of different lengths for TEjq
mode propagation. Metallic parts are shown in orange. &, = 7.4 region is
shown in discontinuous line, the width of this region is ¢ = 8.0 mm. The
rest of the structure is formed by &4 = 3.0 material. The dimensions are
(mm): @ = 30.0,b = 0.70,1; = 40.0,141 = 70.0,1, = 70.0, 15> = 100.0,
Im =15.0, W, =7.8, W,, = 1.73,1, = 8.0, and t = 0.035.

TABLE I
DIELECTRIC CHARACTERISTICS OF THE ADOPTED MATERIALS
Material £, tan é
PREPERM 3D ABS dk 3.0 3.0 0.002
PREPERM 3D ABS dk 10.0 7.4 0.01

out using the commercial electromagnetic software Ansys
HFSS.

The materials introduced in the simulation for implementing

the DSRW sections are PREPERM 3-D ABS dk 3.0 for
the low permittivity parts (e,4) and PREPERM 3-D ABS dk
10.0 for the high permittivity central part (g,.). Input/output
50 € characteristic impedance microstrip line to waveguide
transitions are also synthesized on PREPERM 3-D ABS dk
3.0. A previous characterization [27] of these materials yielded
the properties listed in Table I, which are included in the
simulations.

DSRW sections in Fig. 3 include a couple of vias at each
end to prevent the mode TEj3p from being excited. These
vias are located at the exact positions (x = 5.74 cm and
x = 24.27 cm) where the TE;;, mode transversal electric field
exhibits its lateral maxima at 7.95 GHz according to Fig. 2(1).
Their impact on the TE;y mode behavior can be neglected
since the electric field magnitude for the fundamental mode at
those positions is close to zero.

Simulated S-parameters for the 4 cm DSRW section of
Fig. 3 are shown in Fig. 4. The matching transitions are
optimized for 7.95 GHz. At this frequency, transmission losses
are 1.0 dB while the reflection coefficient nears —30 dB.

Fig. 5 shows the simulated S-parameters for the 7 cm long
DSRW section of Fig. 3. At 7.95 GHz, the |S,;| parameter
is — 1.7 dB while the reflection coefficient is well below
—30 dB.

B. DSRW for TE,y Propagation Design

Fig. 6 shows the two different length sections used to
determine the group velocity of the TE;y mode in the DSRW
structure using (6). It should be noted that the 4 cm and
7 cm DSRW sections of Fig. 6 are identical to those of

230 w ‘ ‘
2 4 6 8 10

Frequency (GHz)

Fig. 4. Simulated S-parameters for the DSRW with /; = 4.0 cm.

S, (dB). IS, | (dB)

Frequency (GHz)

Fig. 5. Simulated S-parameters for the DSRW with I, = 7.0 cm.

Fig. 3. The only difference between both sets of waveguides
is the input/output matching sections optimized for exciting
the corresponding mode in the structure at 7.95 GHz. For the
excitation of the TE,y mode in the DSRW, a T divider splits
the signal in the input/output 50 Q microstrip line into two
100 @ microstrip lines [22]. Additionally, one of the paths
includes an extra transmission line length to account for a
180° signal phase shift necessary to properly excite the TEjg
mode. Both paths are fed to the DSRW at the exact positions
(x = 1043 cm and x = 19.57 cm) where the TE;y mode
presents its transversal electric field maxima at 7.95 GHz,
in agreement with Fig. 2(1). It should also be noted that the
positions of these maxima are close to the position where the
TE;p mode transversal electric field is very close to zero, [see
Fig. 2(1)], preventing its appearance.

S-parameter simulations for the short and long DSRW
sections shown in Fig. 6 are provided in Figs. 7 and 8,
respectively.

The solution adopted for providing the extra 180° phase
shift in one of the split paths for correct TE,) feeding, see
Fig. 6, presents a reasonably narrowband behavior around the
design frequency of 7.95 GHz. This means that the TEjg
mode is being properly excited around that frequency, so
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Fig. 6. DSRW views of the two sections of different lengths for TE
mode propagation. Metallic parts are shown in orange. .. = 7.4 region
is shown in discontinuous line, the width of this region is ¢ = 8.0 mm.
The rest of the structure is formed by ¢4 = 3.0 material. The dimensions

are (mm): « = 30.0,b = 0.70,]; = 40.0,l;; = 70.0,l, = 70.0,
lg» = 100.0,1,, = 15.0,15; = 10.63,15o = 3.34,1;3 = 2.60,1,4 = 3.27,
lis = 639,1,1 = 886,ly,p = 642, W, = 293, W, = 173,

W, =0.43,1, =17.80, and r = 0.035.

6 7 8 9 10 11

Frequency (GHz)
Fig. 7. Simulated S-parameters for the DSRW with /; = 4.0 cm.
)
2
=
<2}
)
2
w
Frequency (GHz)
Fig. 8. Simulated S-parameters for the DSRW with [, = 7.0 cm.

S-parameter simulations are of interest around that frequency.
At 7.95 GHz, the transmission and reflection coefficients for
the 4.0 cm DSRW are, respectively, —0.97 and —26.0 dB

Fig. 9. Top and bottom views of the fabricated DSRW with /; = 4.0 cm for
TE o mode excitation.

(Fig. 7). For the 7.0 cm DSRW, these parameters are —1.37 dB
and —25.8 dB (Fig. 8). In the case of the TE,y mode transmis-
sion in the DSRW, it should be mentioned that, in agreement
with Fig. 2(j), the cut-off frequency is 5.34 GHz.

IV. DSRW FABRICATION AND
S-PARAMETER MEASUREMENTS

The fabrication of the DSRW sections was carried out using
a modified low-cost 3-D printer HTA3D Prusa i3 P3STEEL
with a resolution of 0.015mm in the XY axes and a 0.4 mm
diameter nozzle. The printer modifications consisted in the
addition of a second extruder (Bondtech BMG-X2) so that
the printer could handle simultaneously the printing materials
described in Table I, and in incorporating a methacrylate
isolating chamber for ambient temperature stabilization.

A metallization process followed the AM procedure. It con-
sisted of gluing two 35 wm copper sheets (from basic copper)
to both top and bottom faces of the DSRW. A thin layer of
nonconductive epoxy glue 2216 B/A GRAY from 3M applied
manually with a brush was employed. Finally, for a proper
attachment, a hydraulic press was used to exercise a pressure
of 150 N/cm? to the two copper sheets for one hour, with an
ambient temperature of 24 °C and a humidity of 40%.

After the epoxy glue solidifies, a numerically controlled
milling machine LPKF Protomat S42 was employed for pro-
ducing the microstrip to DSRW transitions. Finally, a silver
paint (Chemtronics) was applied with a brush to the lat-
eral 0.7 mm high sides to properly enclose the waveguide
structures.

Fig. 9 shows the top and bottom faces of the 4 cm long
DSRW for excitation of the TE;p mode, and Fig. 10 shows
the top view for the 7 cm case. As can be seen in the pic-
tures, the implemented DSRW sections include the optimized
transitions, the vias introduced to prevent the excitation of the
TEj3p mode and fiducial drills which allow a correct placement
of the device during the milling process with regard to the
&¢ = 7.4 high permittivity region (not visible due to the
copper sheets).

S-parameter measurements compared to simulations for
both DSRW sections are shown in Figs. 11 and 12, for the
short and long waveguide sections, respectively. Measurements
were performed using Anritsu 3680 universal test fixture
(which limits the maximum total length of devices under
test to 10.0 cm). There is a good agreement between the
responses. As expected, the optimum behavior is around the
target frequency of 7.95 GHz. At that frequency, the measured
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Fig. 10. Top view of the fabricated DSRW with /; = 7.0 cm for TE;p mode
excitation.

0 . . .
5r I‘P ISl
= (‘ S,
T -10f
a
[}
o =15}
m
Z
T=-20r 1
%28
-25 1
230 . ) \ .
2 4 6 8 10
Frequency (GHz)
Fig. 11. DSRW with /; = 4.0 cm for TE|¢p mode excitation S-parameter

measurements (black) and simulations (gray).
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5t 21
r S,
-10+ b

S,,| (dB). [S,,| (dB)

-30 ‘ ‘

2 4 6

8

10

Frequency (GHz)

Fig. 12. DSRW with I = 7.0 cm for TEp mode excitation S-parameter
measurements (black) and simulations (gray).

insertion losses are 0.1 dB higher than simulations for the 4 cm
case and 0.4 dB higher for the 7 cm section. Meanwhile, the
measured reflection coefficient at 7.95 GHz is under —30 dB
for the 4 cm DSRW and —17.0 dB in the 7 cm case. This
proof of concept DSRW presents measured insertion losses
that might not be suitable for chip to chip communication
applications. However, the AM materials and frequencies
employed for demonstrating the equalizing capabilities of the
proposed DSRW could be different in order to suit the needs
of a practical chip-to-chip communication link.

Fig. 13. Top and bottom views of the fabricated DSRW with /; = 4.0 cm
for TEpp mode excitation.

Fig. 14. Top view of the fabricated DSRW with I, = 7.0 cm for TEpy mode
excitation.
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Fig. 15. DSRW with /; = 4.0 cm for TEpp mode excitation S-parameter

measurements (black) and simulations (gray).

Figs. 13 and 14 show pictures of the fabricated DSRW
structures for measuring the group velocity of the TE;(, mode.
These DSRW sections are identical to those in Figs. 9 and 10,
except for the transitions to properly feed the required mode
in each case.

Figs. 15 and 16 show the S-parameter measurements for the
TE,p mode fed DSRW. They are compared to electromagnetic
simulations presenting a good agreement between both sets of
responses.

Simulations in Figs. 15 and 16 show that the TE,, cut-off
frequency is 5.34 GHz while measured TE,, cut-off frequency
results in 5.47 GHz. This implies a 2.0% error which could
be attributed either to the AM fabrication process or to errors
associated with the experimental measurement of the high
& = 7.4 value. Also, characterization in Figs. 15 and 16
are of interest around 7.95 GHz due to the narrow BW nature
of the TE,; feeding networks. At that target frequency, the

Authorized licensed use limited to: Univerdad Miguel Hernandez. Downloaded on June 04,2024 at 09:31:18 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

0

T

ISl

N

g-lo— "\ : ‘\ \]e
| g T

230 I I I I I
5 6 7 8 9 10 11

Frequency (GHz)

Fig. 16. DSRW with I = 7.0 cm for TEyp mode excitation S-parameter
measurements (black) and simulations (gray).
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Fig. 17. Obtained 7,1 from measurements (black) and simulations (gray) for
the DSRW with /; = 4.0 cm and TE ;¢ mode excitation.
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Fig. 18. Obtained 7> from measurements (black) and simulations (gray) for
the DSRW with I, = 7.0 cm and TE ¢ mode excitation.

measured reflection coefficient is well below —15 dB for both
the short and long DSRW sections, while transmission losses
are —1.59 dB and -2.22 dB, respectively. At frequencies above
10 GHz, disagreement between simulations and measurements
can be imputed to the TE4 mode appearance.

V. DSRW GROUP VELOCITY

The group delay was calculated using

dos,

Ty = ()

for the two DSRW sections of lengths 4 and 7 cm, and for both

the TE o and TE,, feedings. Results obtained from simulations

and measurements are given in Figs. 17 and 18 for the TE
mode case. The fabricated proof of concept circuits

show a measured S-parameter behavior in good agreement

with HFSS simulations. Around the design frequency of

7.95 GHz, the return losses are lower than —15 dB in all

four cases, which ensures a correct calculation of the group

delay using (7).
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Fig. 19. DSRW obtained At, from measurements (black) and simulations
(gray) for the TEjp mode excitation.
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Fig. 20. Obtained 7g; from measurements (black) and simulations (gray) for
the DSRW with /1 = 4.0 cm and TE»( mode excitation.
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Fig. 21. Obtained 74> from measurements (black) and simulations (gray) for
the DSRW with I, = 7.0 cm and TE;p mode excitation.

At the design frequency of 7.95 GHz, the measured group
delay is 0.564 ns for the shorter section (Fig. 17) and 0.843 ns
for the 7 cm long one (Fig. 18).

Finally, Fig. 19 shows the group delay difference Art,
between responses of Figs. 17 and 18 simulated and measured
(for the TE;p mode) for a 1 GHz BW around the target
frequency of 7.95 GHz. In that frequency range, both DSRW
sections present a good reflection coefficient (see Figs. 11
and 12), guaranteeing that At, constitutes the group delay
for a I —I; = 3.0 cm long plain DSRW section (with no
matching or feeding networks). At the design frequency, this
measured difference is 0.28 ns, which implies a group velocity
vy = 0.36¢( for the TE g mode. For the TE;y mode excitation
case, Figs. 20 and 21 show the group delay obtained from
simulations and measurements.

Once more, it should be noted that, given the narrow BW
behavior of the feeding networks used for exciting the TEj
mode, 7, is only relevant around the target frequency of
7.95 GHz. At this frequency, the 4 cm long device gives
a group delay of 0.675 ns, while the 7 cm long DSRW
provides at the same frequency 0.956 ns (see Figs. 20 and 21,
respectively). In these figures, it is possible to observe a 2.0%
frequency shift in the responses which could be ascribed either
to errors in the fabrication process or in the determination of
the high permittivity value ¢,. = 7.4. Measured group delays
in the TE; case for the two different length DSRW sections
are slightly bigger than those measured for the respective
sections in the TE ;o mode case. This is due to the fact that
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TABLE I

SOLUTIONS PROPOSED FOR EQUALIZING DISPERSION
MECHANISMS IN RF INTERCONNECTS

’ Scalable Additional Dispersion
Ref. Aty L.
elements equalization
[15] 1 Yes No intermodal
[25] Yes Yes inter/intramodal
This work 2.2 Yes No inter/intramodal
1
@
= 0.5
0.5k J
[
q \-— —— "/_\‘
O 1
7.5 8 8.5
Frequency (GHz)

Fig. 22. DSRW calculated A7, from measurements (black) and simulations
(gray) for the TEyp mode excitation.

input/output sections for feeding the TE;y mode to the DSRW
constitute a larger electrical length than those for the TE;q
mode.

Finally, Fig. 22 provides the difference A1, between 7.,
and 7, of Figs. 21 and 20 which constitutes the group delay
for the TE;y) mode in a [ —/; = 3.0 cm long DSRW
section. At the design frequency, the measured difference is,
as expected, 0.28 ns, which implies a mode group velocity
vy = 0.36¢o. The waveguide dispersion can be characterized as
the normalized variation of the group delay within a particular
fractional bandwidth, Arg’ = (Atg/rg /A /fo). This figure of
merit is around 1 (depending on the bandwidth) when applied
to the best intramodal dispersion compensation scheme of [15],
while in our work, it yields 2.2 if the measured results given
if Figs. 19 and 22 are considered. It should be noted that
our result includes both intramodal and intermodal dispersion,
and also that result from Smith and Abhari [15] is reached at
the expense of including additional external devices to the
transmission waveguide. Table II summarizes some of the
characteristics of different solutions proposed for equalizing
dispersion mechanisms in RF interconnects.

In order to further confirm the expected behavior of the
implemented proof of concept DSRW, the dispersion diagrams
for the TE o and TE,y modes were extracted following the
method described in Janezic and Jargon [28] from their
respective measured S-parameters. They are shown in Fig. 23
compared to the theoretical dispersion diagrams of Fig. 2(j).
Fig. 23 shows a remarkable agreement between the DSRW
theoretical dispersion diagrams and the ones obtained from the
proof of concept DSRW implementation measurements. This
confirms the equalization BW targeted in this work and shown
in Fig. 2(k). It is possible to confirm that around 7.95 GHz
both dispersion diagram are parallel as expected.

VI. CHIP-TO-CHIP COMMUNICATIONS APPLICATION

As it has been pointed out in Section I, chip-to-chip inter-
connects have been devised in the low THz range by means
of waveguide devices [9]. The DSRW proposed in this work

10
9

Frequency (GHz)
[®)}

5
4
3
2 L L L L L
0 100 200 300 400 500
Bm™

Fig. 23. Dispersion diagrams for the first two modes (TE;o and TEpg) prop-
agating in the implemented DSRW obtained from S-parameter measurements
(black line) and from theory (gray line).
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Fig. 24. Left, dispersion diagrams for the first three modes (TE;o, TE2o, and
TE3p) propagating in the CMOS technology DSRW example. Right, group
velocity of the first three modes propagating in the structure.

could be used in chip-to-chip communications by reproducing
the study presented in Fig. 2 according to available material
properties and to the desired communication frequency and
BW interconnect. For instance, in CMOS technology, if sil-
icon and silicon dioxide are used to implement the DSRW
(ere =€5i = 11.9 and &,y = €,5.0, = 4), the waveguide
dimensions should be downscaled considerably to produce a
proper interconnect in the low THz range. A similar study to
the one presented in Fig. 2, would yield the DSRW structure
of Fig. 1 with @ = 2 mm and ¢ = 0.51 mm to provide
a waveguide interconnect were the three first propagating
modes are equalized at 125 GHz. Fig. 24 shows the disper-
sion diagram of the first three modes propagating in such a
DSRW as well as their group velocity. A transmission link
using a carrier frequency of 125 GHz would experience no
intermodal dispersion since all three modes propagating at
that frequency exhibit the same group velocity. Additionally,
HFESS simulations of a 10 mm long section of such a DSRW
show insertion losses of —1.06 dB at 125 GHz in agreement
with [9], (aluminum is used for metallic walls).

VII. CONCLUSION

This work presents for the first time, to the authors’
knowledge, a proof of concept for equalizing the first two
propagating modes in the DSRW. The suggested waveguide
implementation, properly scaled, could be used in chip-to-chip
interconnects to enhance the BW density while preserving
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the integrity of the signals being transmitted. The proposed
DSRW design exhibits a 45% equalization BW for a £2.5%
group velocity deviation range. Two sections with different
lengths have been fabricated by means of AM techniques and
two materials with different permittivity. These manufactured
sections include feeding networks for exciting either the TE)
mode or the TE;) mode at a targeted frequency of 7.95 GHz.
Theoretical and experimental results reveal that the designed
DSRW yields, as expected, the same group velocity for
the TE;y and the TE;; modes at that frequency. Moreover,
S-parameter measurements have been employed to extract

the

dispersion diagram of the presented DSRW which

agrees remarkably with theoretical predictions, demonstrating

the

desired mode equalization in the proposed waveguide

implementation.
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