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Abstract—This article introduces a concurrent dual-mode
directional coupler design for substrate-integrated waveguides
(SIWs), which can independently excite the fundamental and
second higher-order modes (T'E1o and T FE>p). We utilize this
coupler to demonstrate the possibility of creating a multi-mode,
multi-drop communication link, which exploits mode orthogo-
nality, enhancing the total channel capacity. To the best of our
knowledge, this is the first realization of a concurrent multi-mode
directional coupler in SIW technology. The coupling structure
consists of four coupling nodes. Each one has two ports (one
per mode), resulting in a total of 8 ports. The coupling factors
for the T'F1o and T E2p modes are -10dB each, allowing 10 drop
points along the SIW in a multi-drop SIW link. The structure was
fabricated using a Rogers Duroid 5880 substrate, achieving a 10-
dB return loss (RL) bandwidth (BW) of more than 3.2 GHz (11.8-
15 GHz) and 3.5 GHz (10-13.5 GHz) for the fundamental and
second modes, respectively, corresponding to 1.7 GHz of BW for
concurrent mode division multiplexing. The measured isolation
between the two channels is more than 30 dB across the entire
band, and the insertion loss is 1.0dB and 1.5dB, respectively. The
measurement results agree well with electromagnetic simulations.

Index Terms—Directional couplers, full duplex, high-speed
interconnects, mode-division, multi-drop, multiplexing, substrate-
integrated waveguide (SIW).

I. INTRODUCTION

HE ever-increasing demand for faster and more efficient

communication links has recently led to the evolution
of the term “Terahertz (THz) links”. These links target ap-
plications such as inter-rack, backplane, and fast chip-to-
chip communication [1]-[4]. Such applications have a range
requirement that falls below the optical fiber economical limit
set by the optical/electric conversion efficiency and difficulty
integrating with standard CMOS fabrication technologies. Tra-
ditional copper-based wireline links are also unsuitable for
many of these applications due to their excessive losses at
higher data rates. Recently, waveguide-based links, such as
plastic waveguides and substrate-integrated waveguides (SIW),
have garnered much attention as a potential solution for short-
to-moderate distance applications that demand high data rates.
Plastic waveguides provide economical, low-loss solutions
for shorter length scales than fibers, e.g., fulfilling inter-
rack communication requirements in large data centers. On
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the other hand, SIWs, which can be inexpensively realized
using both chip and conventional printed circuit board (PCB)
fabrication technologies, provide an efficient, low-cost, and
readily integrable solution for high-speed, efficient chip-to-
chip communications.

SIWs can be realized using conventional printed circuit
board (PCB) technology by leveraging the PCB substrate
as the dielectric guiding material, offering low-cost planar
alternatives to conventional 3D bulky dielectric waveguides.
SIWs inherit the low-loss and shielding properties of their
3D bulky metal-clad dielectric counterparts while significantly
simplifying fabrication complexity and reducing costs. The top
and bottom metals of the PCB laminate act as the waveguide
floor and ceiling, while metallic posts (known as “vias”),
spaced apart considerably below the smallest operating wave-
length, form the side walls. Accordingly, SIWs have the same
fundamental (T'F1o) and first higher-order (7' E5p) modes
of conventional rectangular waveguides. This fundamental
mode has been successfully leveraged in many SIW-based
designs, ranging up to sub-THz applications, in both discrete
and integrated form, including filters [5], antenna at THz
frequencies [6], and at lower frequencies [7] and [8], power
dividers/combiners [9], THz triplexers [10], and directional
couplers [11]-[17]. In particular, waveguide directional cou-
plers have been realized in multiple forms, including Beethe,
multi-hole, and Riblet short slot couplers [18]. The first two
types (Beethe and multi-hole) are created by stacking two
SIWs on top of each other and opening holes in the shared
metal [11] and [12]. Alternatively, the Riblet short-slot coupler
has been realized by placing two SIWs next to each other and
removing part of the middle via a barrier between them [15],
[16]. A recent work has combined both techniques to realize
a 3-dB coupler in a half-mode SIW [17].

Many recent works have also explored exciting and utilizing
higher-order modes in SIWs, such as [19]-[22]. The first
higher-order T Esy mode was excited in [19] using a slotted
line fed via a microstrip to slotted line transition. On the other
hand, the second higher order mode T Fsy was excited in
[22] by using a Coplanar Waveguide (CPW) transition into
two slots extended along the longitudinal direction to convert
the CPW mode into the T'E3y; mode. Another design that
utilizes both the fundamental and the first higher-order mode
excitation over different frequency bands to build a multi-
channel communication link was proposed in [20]. Elsawaf
and Sideris presented in [23] for the first time a concurrent
multi-mode SIW channel that can be utilized to achieve full-
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Fig. 1. A potential multi-drop multi-port system with the proposed coupler
function used to double the number of peripheral drops over the same data
channel highlighted.

duplex mode division multiplexing by allowing both modes to
be operated over the same frequency range. Such multiplexing
can further enhance the data rates achievable by single-mode
systems or match them at lower center frequencies.

In this article, the work presented in [23] is extended by
introducing a new dual-mode directional coupler design. To
the best of our knowledge, this is the first realization in the
literature of a directional coupler on SIW that can couple two
modes concurrently. In order to accommodate more peripheral
nodes along the surface of the same SIW channel, a weak
coupling level (-10 dB) is employed equally for both modes.
This, as well as the significant cross-modal isolation (> 30
dB), allows the construction of a multi-mode multi-drop chan-
nel (MMD) link that leverages mode-division multiplexing to
extend the channel capacity. The only previous realization
of such a link was in [26], where a silicon waveguide was
used, and each mode was coupled in a single location using
evanescent mode couplers. The proposed design, however,
supports dual-mode operation along the SIW from end to
end, making both modes available at any point along the
link surface. Potential applications of this technology include
situations where a head node (e.g., a CPU) must communicate
with several peripherals (e.g., memory chips) over the same
bus. The CPU node, with the help of the designed coupler,
can communicate with the peripherals using the two modes
concurrently, enabling two potential strategies: 1) The CPU
utilizes both modes as two independent channels, and half
of the peripherals listen to each mode, doubling the total
number of peripherals that can be on the bus in comparison
to traditional single-mode communications as illustrated in
Fig. 1. 2) The CPU sends data using one mode, and the
peripherals use the other mode to simultaneously transmit
data back to the CPU, enabling full-duplex bidirectional
communication. Although we demonstrate our prototype at
a relatively low-frequency band (10-15 GHz), we provide a
detailed frequency-independent design methodology, making
it easily scalable to any band of interest. Scaling this design
to the THz range, in particular, requires more attention on via
size constraints and losses. However, such scaling has been
successfully demonstrated in multiple prior works over several
sub-THz bands as in [10] and more recently in [24] and [25].

The prototype coupler was fabricated by stacking three
laminates of (RT Duroid 5880) with (h = 0.508 mm, ¢, =
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Fig. 2. Layer diagram of the directional coupler’s half structure, (a) The first
two metal layers (the bottom SIW is sandwiched in between), (b) The second
and third metal layers where the top SIW is, (c) The third and fourth metal
layers, (d) The full layer stack diagram.

2.2, tan (§) = 0.004) on top of each other. The half-structure
layer diagram is shown in Fig. 2. The two-coupled SIWs are
formed between metals (1 and 2) for the bottom and (2 and 3)
for the top. For each waveguide, T'E1y and T Ey, are excited
concurrently. The T E;9 mode is excited on metals (1 and
3) for the bottom and top SIW, respectively. Additionally,
the T'Es9 mode is excited by etching slots on metals (2 and
3) for the bottom and top SIW, respectively. The slots are
fed using 50 €2 microstrips on layers (3 and 4), respectively.
Since two excitation sources, i.e., Top T'E1g and Bottom T'FEs
respectively, exist (after assembly) on an internal metal (metal
3), a via-less, broadband vertical transition from this metal to
metal one is designed to allow better accessibility of the ports.
A block diagram of the design structure as well as the ports
labeling are illustrated in Fig. 3. The paper is organized as
follows: Section II details the mode excitation and matching
techniques, Section III explains the multi-port multi-mode
design, Section IV presents the fabricated structure and the
results, and Section V presents our concluding remarks.

II. MODES EXCITATION

This section details more the authors’ work in [23] on
concurrent excitation of the first two modes of the SIW. The
excitation of SIWs is done by maximizing the overlap integral
between the excitation source and the modal field profiles.
Designing the exciting structure starts by choosing the SIW’s
width to satisfy a particular cut-off frequency (5 GHz for T'E
in this case) as demonstrated in [27], followed by selecting the
excitation sources for both modes. Next, matching networks
are designed between those sources and the SIW. This section
is split into two subsections for describing the modal excitation
design methodology: the first deals with the excitation sources,
and the second discusses the matching considerations.
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Fig. 3. Block diagrams of the design structures used in this paper: (a) Three-
port structure used for exciting both T'E'1g and T'E2p modes in each of the
SIWs (top and bottom). This corresponds to four electrical ports in the circuit
model due to the SIW wave port supporting two separate modes. (b) The
T E10 mode coupler , (¢c) The T'E29 mode coupler. Both (b) and (c) include
excitation structures and port numbers and placement (i.e., top / bottom SIW).
The ports (1-4) and (a-d) are all attached to 502 microstrip lines.
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Fig. 4. Diagram of excitation structures for (a) 7'E19 and (b) T'E2¢ modes.
The axes convention is shown in the first figure.

A. Excitation Sources

Many different approaches for exciting the fundamental
mode of SIWs have been proposed previously [28]-[31]. In
this design, a 50 2 microstrip line is adiabatically tapered
into the center of the SIW as shown in Fig. 4a. This creates
a maximum transverse electric field in the middle of the
waveguide resembling that of the fundamental mode, thus
maximizing the overlap integral [28]. This excitation is uni-
directional since the power is coupled to the far end of the
SIW, creating a forward traveling wave.
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Fig. 5. The simulated T'E19 mode profile excited by the microstrip to SIW
structure. Port 1 excites the microstrip and port SIW is a terminating wave-
port

On the other hand, the first higher order mode (T Ey) is
excited using a slot with infinitesimal width etched longi-
tudinally (along the propagation direction) on the top wall
[19] of the waveguide shown in Fig. 4b. A 50 2 microstrip
above the slot on the top layer feeds it. The electric field
extends perpendicularly from the top microstrip, i.e., along
the Y-direction, as shown in Fig. 4a. According to [18], [32],
a slot (with a small width) fed by a perpendicular electric
field is polarized creating a null of the electric field in its
location. Using the equivalence theorem, this polarization can
be treated as an equivalent magnetic current along the slot
length (Z-direction) [18], [32]. The exciting slot resonates at
half-wavelength, and the magnetic current can be expressed
as:

)

where fgo¢ is the wave propagation constant of the slotted
line, assuming that the width can be neglected compared to
the length. In practice, the width is chosen to be as small as
possible to justify the assumption and minimize the insertion
loss. Under this approximation, only the [, component of
T E5y will contribute to the overlap integral since the other
field components are zero when evaluated at (x = Wsrw /2,
i.e., the center of the SIW) [18]. The overlap integrals become:

1% .
M. = My 8(y) 8(z — —5) sin(Buor2).

1 )
At = — 7{ |H,| . M, e~9P20% gy )
Py Jy
1 .
A== — 7{ |H.| . M, e/P0% dy (3)
Py Jv

The first integral considers the (+Z) traveling wave, and the
second considers the (-Z) one. P» represents the power carried
in the mode, H, is the magnetic field component of the T Ey
mode in the Z-direction, and (3o is the T Foy propagation con-
stant in the SIW. Unlike the T'F;( excitation, which was uni-
directional, the T'F5q excitation is bi-directional. Therefore, to
enforce propagation in the positive Z-direction, reflecting vias
as shown in Fig 4b are placed at a quarter modal wavelength
(ArE20) away from the center of the slot. These vias prohibit
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Fig. 6. T'E3p exciting structure. (a) Equivalent circuit model, (b) Simulated
electric field plot excited by microstrip-to-slotline structure, and (c) Simulated
S-parameters of the excitation structure (Port a excites the top microstrip
feeding the slot and port SIW is a terminating wave port. The convention
SIW : TEy,o means the T'E,,o0 mode of the SIW port).

propagation in the backward direction. The quarter wavelength
separation makes the reflected wave add in phase with the
forward traveling one.

B. Matching Considerations

Matching ensures maximum power transfer from the exci-
tation source to the SIW. For the fundamental mode, we aim
to match a 50  microstrip to the SIW fundamental mode
impedance given by:
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Fig. 7. (a) Diagram of the proposed directional coupler indicating the three
rows of holes. (b) Coupling of T'E19 (S13) and T'E2g (Sqc) modes and
Isolation T'E1g, S14, and T'E20, S,q) of each mode coupler, (c) Cross-
modal isolation along the same SIW (S1,) and transitioning from bottom to
top SIW (S1.). Port numbers are summarized in Fig. 3.
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Fig. 8. Flowchart of the proposed design.

mm

K. (6)

Wsrw

where K = w,/ug€ 6o is the plane-wave propagation
constant in the dielectric, 319 is the fundamental mode-
guided propagation constant, and n = 254.17 ) is the plane
wave propagation impedance in the dielectric. The relationship
between K and f3,,,¢ is given in (5), and K, = mx147.5m™1
is the cut-off propagation constant for any mode m (m = 1 for
the fundamental mode). The design starts by designing a 50 Q2
microstrip; the modal impedance can be evaluated from (4).
A certain taper length and width (L; and W5 in Figda) are
chosen and tuned for the required response [28]. The excited
mode profile is shown in Fig. 5.

Subsequently, the excitation structure of the 7 Esy mode,
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Fig. 9. Diagram of the proposed via-less vertical transition. (a) The first two
metal layers, (b) The second and third metal layers, (c) Full layer diagram, (d)
Top view of the proposed transition with length and width parameter labels.

shown in Fig. 4b, can be modeled with the equivalent circuit
model shown in Fig. 6a. The circuit model can be divided into
two parts. The first part is the microstrip/slotted line transition,
where port (a) represents the input microstrip, and the junction
at the microstrip/slotted line intersection is modeled by the
microstrip (1:1) transformer connected to the slotted line
center-tapped (0.5:1) transformer [35]. A quarter wavelength
(at the frequency of interest) open stub is added to the top
microstrip to improve matching. The frequency of interest is
usually chosen to be at the center of the design band. On the
other hand, the length of the slotted line is chosen to be half
a slotted line wavelength at the same frequency.

The second part of the circuit model is a slotted line/STW
transition that can be designed as in [19], where the input
impedance of the T Fsy mode is evaluated using (4 - 6) by
setting m = 2 in (6) and replacing each (19 with fog in (4).
The SIW’s capacitive input impedance nature is modeled by
C in the equivalent circuit model. Two thru-vias, modeled
as inductors (L) as shown in Fig. 6a, are used for matching.
Adjusting the via distances from the slotted line (R, and R,)
in Fig. 4b affects the equivalent SIW impedance seen by the
slotted line improving matching. Unfortunately, these vias also
affect the 7' matching, requiring careful concurrent dual-
mode matching. This can be done by fine-tuning the vias’
positions. A good starting point is to select R, to be more
than 0.5 x W5 as shown in Fig. 4. This way, the effect
on the taper matching of the fundamental mode is minimal.
On the other hand, R, is tuned to enhance the matching. A
reasonable rule of thumb is to start with R, that place the
posts as close as possible to the exciting microstrip line. The
resulting S-parameters of the excitation structure in Fig. 6b are
shown in Fig. 6¢. The mode is excited with low-insertion loss
and cross-modal coupling below -40 dB for the fundamental
mode (T E1).
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Fig. 10. (a) Equivalent circuit model of the the proposed via-less vertical
transition. (b) EM simulated S-parameters.

III. MULTI-PORT MULTI-MODE DESIGN

The authors originally proposed concurrent multi-mode end-
to-end links in [23]. Since many communication links may
require multiple devices to be interconnected on the same
bus, a natural extension for the previous work is a multi-
mode multi-port link over an SIW. To that end, a concurrent
dual-mode multi-hole SIW directional coupler is designed to
achieve the multi-port operation. To our knowledge, this is the
first demonstration of a concurrent dual-mode SIW directional
coupler. This section details the coupler design and deals with
some potential design issues.

A. Multi-Mode Multi-Hole Coupler Design

SIW directional couplers have been proposed in multiple
forms for single-mode operation [11]-[16]. We are only aware
of waveguide-based dual-mode couplers existing for bulky
3D waveguides, which use the T'F1g and T'Ey; modes [36]-
[40]. This work proposes the first concurrent dual-mode, 7' F1
and T E5q SIW directional coupler. It is a (-10dB) multi-hole
coupler in which two waveguides are placed on top of each
other, as shown in Fig 2. Three sets (top, center, and bottom)
of circular coupling holes are etched out in the common wall
(metal 2) as shown in Fig. 7a. Choosing the number of holes,
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Fig. 11. Diagram of one half of the SIW link showing 4 of the 8 total ports
in the system and the dual-mode excitation structures. Ports 1 and a drive the
mode 1 and 2 end launchers respectively and ports 4 and d connect to the
mode 1 and 2 launchers on one end of the directional coupler.

their diameters (d; - ds), and spacings (Sp) controls both
coupling and operation bandwidth as discussed in [41].

Interestingly, in this design, each of the three sets of holes
affect the coupling of the two modes differently, enabling
designing the coupling coefficients for the two modes sepa-
rately. To see this effect, the SIW coupler is simulated (with
wave ports on both sides) by cutting it into two halves and
terminating it with a perfectly magnetic/electric conductor
(PMC / PEC) boundary to force (T'E1g / T FE5y) operation
respectively as illustrated in Fig. 7a. Unlike, the small-width
slot in Section II, the round holes can be polarized both
electrically and magnetically with different values from the
bottom SIW field components. The transverse components (£,
and H,) of the T'E1yp mode in the bottom SIW are at their
maxima in the center. Thus, they contribute the most to the
center holes’ equivalent electric/magnetic current. Conversely,
the T Ey transverse fields are null at the center, so the
only contribution to the equivalent currents comes from the
longitudinal H, component. On the other hand, the top and
bottom holes are positioned such that the T Ey, transverse
fields are at their maxima, while the T'E;y ones are not.
Nevertheless, the T E transverse fields still contribute to the
equivalent current since they are not completely zero at the
locations of the top and bottom holes. These simulations also
reveal that the center holes cannot efficiently couple into T'Eq
mode; however, they are the most effective ones for exciting
T E,q since the field configuration of the holes matches the
modal profile of the center slots, as discussed in the previous
section. However, the equivalent currents on the center holes
come from both T'Ey and T'F5y modes. This implies a certain
level of cross-modal conversion from T Fqg to 1T Eyy mode
going from the bottom SIW to the top. On the other hand,
the top and bottom holes can couple both modes at the same
time but they are more effective for T'E;¢ mode coupling. A
more detailed mathematical treatment of the holes’ equivalent
currents and coupling factors is given in Appendix I.

The design procedure starts by choosing the required cou-
pling factor based on the number of drop ports required along
the link. In this realization, the coupling factor was chosen to
be -10 dB, enabling up to around 10 peripheral devices to co-
exist along the channel. The multi-drop realization scheme for
communicating with multiple peripheral nodes can be realized
by cascading several instances of the proposed coupler along

Fig. 12. The fabricated PCBs before assembly. (a) Layer 1, (b) Layer 2, (c)
Layer 3, and (d) Layer 4.

Fig. 13. Fabricated SIW system after assembly. (a) Top layer, (b) Bottom
layer.

the surface of the main SIW. The next step is choosing the
number of holes to match the FBW requirement of the coupler.
Following this, progressive sizing and spacings for those holes
are chosen. An initial design step suggested by [41] is to
select the spacings to be (Argap/4) for the center row, and
(ArE10/4) for the other rows. The diameters (d; — ds) are
chosen to increase progressively by a factor of 1.1; usually for
the required small coupling, they should be chosen to be small
(e.g., di = 1 mm). The holes’ spacings and their diameters
are then engineered to achieve a relatively equal coupling for
both modes. In this realization, the goal was to achieve roughly
equal (-10 dB) for both the T'E;g and T'E5y modes, as shown
in Fig. 7b. This equal division is intended for being able
to fully utilize both modes for multiplexing peripheral nodes
along the link with a 15-dB bandwidth for both modes greater
than 4 GHz. The coupling and isolation (same mode and cross-
modal) results of the coupler are shown in Fig. 7b and 7c. It
is apparent that the cross-modal isolation degrades going from
bottom to top SIW, confirming the presented coupling theory.
The full design procedure is summarized in the flow chart,
Fig. 8.
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B. Excitation Ports Accessibility

The proposed structure consists of four stacked metal layers,
as illustrated in Fig. 2. In this figure, there are two excitation
sources (denoted by 4° and a‘) on metal 3, which correspond
to the bottom 7T'FEsq excitation and the top T E;( excitation).
After fabrication and assembly, these sources are inaccessible
by SMA connectors, which must have their center signal
pin attached to a conductor on the top or bottom layers. A
vertical transition from metal 3 to metal 1 is designed to
resolve this issue. The required transition must have a much
larger bandwidth than the couplers not to affect the overall
performance. A via is the simplest vertical transition, but it,
unfortunately, has a low pass response. Hence, vias are not
often used for high-frequency, wideband applications. Several
vertical transitions have been proposed in the literature, using
via, as in [33], or via-less transitions, as in [34]. Following
the work in [34], a slotted line-based transition is designed.

The proposed transition consists of three metal layers, as de-
picted in Fig. 9. The first metal consists of an input microstrip
coupled to a slot on the second layer. The slot is then coupled
to another microstrip on the bottom layer. This is known
as a microstrip-slotted line-microstrip transition. A stepped
impedance resonator is designed to help with matching at
the input and output, enhancing the bandwidth for broadband
operation. The transition schematic is shown in Fig 9d. The
equivalent circuit model of this structure can be derived from
the model proposed in [35] as shown in Fig. 10a.
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Fig. 15. T E2p mode directional coupler measurement data: (a) 7'E2o Return
Loss and Isolation, (b) Thru and Coupling. Markers are added to highlight
the 1.7 GHz of concurrent BW for MDM.

The circuit model is optimized for wideband matching and
transmission. The optimized circuit parameters are then fed
to the EM simulator as an initial design starting point. In the
EM simulation, the transition is simulated along with the full
remaining structure of the SIW, and fine-tuning is applied to
account for non-idealities caused by the upper microstrip being
covered with another substrate and metal layer on top. The EM
simulation results of the transition are shown in Fig 10b. The
10-dB return loss (RL) bandwidth is roughly 15 GHz (from
5-20). This is significantly larger than the directional coupler,
so the transition can be safely incorporated without noticeably
affecting the overall performance.

IV. MEASUREMENT RESULTS

The proposed waveguide coupling system consists of 8 ports
(4 nodes with two ports for each mode). The structure is
symmetric, and the schematic of the half structure (directional
coupler and transitions) is shown in Fig. 11. The ports labeled
(1-4) are the T Ey exciting ports, where 1 is the input port,
2 and 3 are the thru and coupled ports, respectively, and 4
is the isolation port. On the other hand, lower-case letters are
used to label the ports associated with the T'E5y mode, where
a is the input port, b, and c are the thru and coupled ports,
respectively, and d is the isolation port. The dimensions of
the proposed structure, shown in Figs. 4, 7a. 9 and 11, are
summarized in table I.

The structure is fabricated by stacking three laminates of
(RT Duroid 5880) with (h = 0.508 mm, ¢, = 2.2, tan (§) =
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Fig. 16. Cross-modal Isolation (a) S1, and S14, (b) S1p and Si.

TABLE 1
DIMENSIONS OF THE FABRICATED STRUCTURE

Parameter | Length (mm)
d 1 mm
diq 2 mm
do 2.16 mm
ds 2.3 mm
dy 2.5 mm
ds 2.7 mm
L1 10 mm
LT 10.3 mm
Limsi 4.7 mm
Lims2 3.6 mm
Lot 13 mm
Lgtub 5.4 mm
R, 5.7 mm
R 5.9 mm
Ra 6 mm
RI 5.8 mm
S 1 mm
Sa 10 mm
Sp 2 mm
Wa 6.5 mm
W? 7.1 mm
Wins 1.6 mm
Wmsl 1.25 mm
WmsQ 0.8 mm
WSIW 21.3 mm
Wins 1.6 mm
Wsiot 0.3 mm

0.004) on top of each other. In this prototype, the laminates are
attached together using screws and bolts, although they could

TABLE 11
COMPARISON AGAINST PRIOR WORK
Elec.Lettt MWCL-| MOTL- | EUMC- | TMTT- This
‘11 ‘17 ‘14 ‘10 ‘13 Work
[12] [13] [14] [15] [16]
Modes TFE1o TFE1o
and
T Eaq
Freq. (10- (26- (8-12) (13- (8-11) (10-
15) 40) 15) 15)
10-dB | N/AT | >3522 12 14 16 32/353
RL
FBW
(%)
L 0.7 0.4 2 2 1.6 1/1.5
(dB)
Cross- N/A (40/30)
modal
Coupling
Coupling -6 -20 -10 -3 -10/
level -10
MMD No Yes
Coupler Multi-hole Riblet Multi-
type hole

T'S11 is over 10-dB. 7 20-dB RL FBW.
3EBW is calculated with respect to the cut-off frequency of T'E2q (10 GHz).

otherwise be held together using epoxy. The fabricated struc-
ture before and after assembly is shown in Figs. 12 and 13,
respectively. The reference plane of the measurements is the
endpoint of the SMA connectors, with only the VNA ports
and cables de-embedded, so the overall insertion-loss includes
losses from the connectors and soldering. The RL/isolation
results for the T'F excitation are illustrated in Fig 14a. The
10-dB RL/isolation BW is more than 3.2 GHz (11.8 - 15 GHz).
The thru/coupling performance of the coupler for the T'E
mode is illustrated in Fig. 14b, confirming that the coupling is
roughly flat at 10 dB for 4 GHz (11 - 15 GHz) of bandwidth.
The insertion loss in the measured result compared to EM
simulations is approximately 0.5 dB below 10 dB. This can be
attributed to potential misalignment due to the laminates being
stacked using screws and nuts and losses due to soldering and
the connector.

The T'Eyy coupling results are illustrated in Figs 15a
and 15b. The 10-dB RL/isolation BW is roughly 3.5 GHz (10
- 13.5 GHz). This provides 1.7GHz of available bandwidth
for full-duplex mode division multiplexing. The coupling
is approximately 10dB with 1.5dB insertion loss (IL). The
additional 0.5 dB insertion loss can be attributed to the slot
excitation requiring the exact alignment of the layers and the
loss of the slot itself. The cross-modal isolation across the
bottom SIW (S7, and Syp), as well as that from transitioning
from the bottom to the top SIW (S;. and S14), are shown in
Fig. 16. The isolation along the same SIW is greater than 40
dB from 10 - 15 GHz, which is roughly 10 dB more than the
isolation of two side-by-side waveguides having (1 mm) pitch
between vias [23]. The cross-modal isolation from bottom to
top is around 30dB (10dB less than across the same SIW
confirming that some cross-modal conversion occurs going
from bottom to top) across the same range. The work is distinct
compared to all prior work since the two modes are excited and
coupled at the same time. Nevertheless, a comparison against
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other state-of-the-art SIW directional couplers is given in
Table II. As can be seen in the comparison table, the proposed
structure compares favorably against prior work despite being
able to additionally handle two modes concurrently.

V. CONCLUSION

This paper presented a concurrent dual-mode directional
coupler in SIW technology for the first time. The coupler
enables the realization of dual-mode multi-drop channel links,
which can leverage mode-division multiplexing to enhance the
overall data rate. The concurrency of the frequency bands
of the two modes allows for easier transceiver design for a
true full-duplex channel link. The structure is fabricated by
stacking three laminates vertically and aligning them using
screws. The modes are excited concurrently in a 1.7 GHz(11.8-
13.5 GHz) band with low insertion loss and high cross-
modal isolation. Measurements for the fabricated structure
agree well with EM simulations confirming the theoretical
predictions and opening doors to a multi-mode multi-drop
system realization over substrate-integrated waveguides.

APPENDIX
DERIVATION OF THE COUPLER’S EQUIVALENT CURRENTS
AND HOLES’ COUPLING FACTORS

The derivation starts realizing that the aperture’s normal
electric and tangential magnetic fields create field lines that
resemble a normal electric polarization current and a tangential
magnetic polarization current [18]. The polarizability of a hole
with a diameter (d) is given as: [18]

d3

Qe = E (7)
d3

am = & ®)

Based on this polarizability, the modal electric and magnetic
fields of each of the two operating modes induce equivalent
electric and magnetic currents in the holes [18] as given in the
following equations:

. 27s
Jy = eoae|Eyn0|(m0,b)sm(7)6(x —20)0(y — b)d(z — 20)
9)
Qi . 27s
M, = Z—O|Hm0|(m07b)sm(7)5(x — 20)0(y — b)d(z — 2p)
T, s
M, = =222 H o] o iy €08 (—) 8 (—20) 3 (y—b) S (2—20)

where x( is the hole position in the X-direction (W /4
for the top, Wgsrw /2 for the center, and 3Wg /4 for the
bottom), b is the height of the SIW, and 2y is the hole
position in the Z-direction. The subscript (n0) refers to the
mode, whether (10) or (20). The total equivalent electric or
magnetic current is the summation of the contribution of both
excited modes (10) and (20). Each one of the holes acts as
a source that emits fields into the upper SIW. These fields can
be evaluated using overlap integrals of the equivalent sources
with the modal fields as follows:

-1 1
At=—— ¢ |E.|.J dv + 5 7{V|H;O| .M dv (12)

PnO A4

~1 1
A‘:—j{ Ef, .Jdv—i——?{ HI|. M dv (13)
Pho v| | Pro V|

The equivalent field in the positive direction (F) is the summa-
tion of the contribution of each hole given the relative phase
differences:

N
Z Agme*jAKi)nze*jA(ﬁmz (14)

N
Z A;%ne*jﬁﬁ%z eI Abm= (15)

where (m) is the column number (top, middle, and bottom),
A¢pz m. are the relative phase differences between holes in
the x and z directions respectively, and (n) loops over the
holes in the same column. The coupling thus corresponds to
the forward wave amplitude in comparison to the input and
the directivity is the backward wave over the forward one as
given in [18].
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