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Abstract—We present the design of a dual-mode metallic
antenna coupler that can simultaneously couple two separate
signals into orthogonal polarizations of a dual-polarization metal-
coated dielectric waveguide. The coupler sits on the top surface
of the waveguide and features two side-by-side excitation ports,
which excite the Ex polarization of the waveguide when driven
differentially and the Ey polarization when driven in common
mode. Design is done using random coordinate ascent (RCA).
Simulation results show that both modes can be operated simul-
taneously in the 88.6 − 94 GHz range, achieving 6% fractional
bandwidth and a coupler-to-coupler channel insertion loss of
3dB per channel. Due to the symmetric design of the coupler,
the interconnect has theoretically zero cross-coupling between
the two polarization channels. The design is also amenable
to fabrication via standard microfabrication techniques due to
its single-plane surface coupling nature. To the best of our
knowledge, this is the first realization of a concurrent dual-mode
dielectric waveguide which leverages a single surface antenna for
coupling into both modes simultaneously.

I. INTRODUCTION

Waveguide links have drawn increasing attention in recent
years as they can offer better efficiency at high carrier fre-
quencies and bandwidths than traditional copper wireline. A
number of techniques have been investigated for efficiently
coupling energy into and out from dielectric waveguides,
including vertical end-launchers such as [1], [2], which use
a parasitic patch to couple energy from the end-faces into
the TE10 mode, as well as surface launchers, such as [3],
[4], which use a folded slot transition and through-patch
coupling respectively. Due to their vertical orientation, ver-
tical end-launchers can be challenging to fabricate using
planar lithographic techniques, especially in the case of metal-
coated waveguides. Surface-based launchers, on the other
hand, are compatible with standard microfabrication tech-
niques; however, surface launchers that can couple simultane-
ously into both modes of metal-coated dielectric waveguides
which support two orthogonal polarizations have not yet been
explored. Utilizing multiple modes, also known as mode-
division multiplexing, can increase the data rate available in
a communication link or facilitate full-duplex communication
by using a different mode for each direction. In this paper,
we present a dual-mode metallic surface coupling antenna,
inverse designed using a random coordinate ascent (RCA)
tile-flipping algorithm, which can be patterned onto the top
surface of a square cross-section shielded dielectric waveguide
and can efficiently and can achieve dual channel operation by
simultaneously coupling into both orthogonal polarizations.

II. OPTIMIZATION ALGORITHM

The surface coupler is parametrized by using a uniform
21×21 Cartesian grid composed of square tiles, each of which
can be filled with metal or left open exposing the dielectric
surface as shown in Fig. 1. Mirror symmetry is enforced
during the optimization of the coupler design with respect
to the longitudinal plane due to the symmetry exhibited by
the two lowest cut-off modes of the square waveguide. The
antenna is driven by two side by side ports at the bottom edge.
Specifically, common-mode and differential-mode excitation
of these two ports is used to excite the vertically polarized and
horizontally polarized E-field modes, respectively. Since the
tiles corresponding to the driving ports and the ones adjacent
to them are not allowed to change, 223 total tiles can be
optimized, resulting in a formidable optimization problem sup-
porting 2223 possible solutions. To find a design with favorable
performance, we adopted RCA [5] as the optimization strategy
and used the commercial 3D FDTD solver, CST, to evaluate
candidate designs. To enhance the bandwidth of operation,
a non-linear multi-objective function is used to concurrently
optimize the coupling efficiency into each polarization while
minimizing the return loss [6]. The following objective was
maximized:

F =
N∑

n=1

[
N∏

m̸=n

logsig(a+ b · xm)] · xn, (1)

where

xn =
3∑

q=1

[
3∏

p̸=q

logsig(cp + dp · yn,p)] · yn,q (2)

yn,1 = (1− |Scc11(fn)|2)2 + (|Scc21|2)2, (3)

yn,2 = (1− |Sdd11(fn)|2)2 + (|Sdd21|2)2, (4)

yn,3 = (1− |Sdc11|2)2, (5)

(a, b) = (−2.24, 1.39), (c1, d1) = (−3.82, 4.37), (c2, d2) =
(c1, d1), (c3, d3) = (−4.69, 6.89), and logsig(x) =

1
1+exp(−x) . The design is optimized at N = 8 frequencies
to achieve broadband performance, sampling the mixed-mode
S-parameters between 82.5 and 100GHz at 2.5GHz inter-
vals. Coefficients (a, b) and (c, d) are used to adjust the
logsig function’s limiting behavior. xn represents the objective
function for each individual frequency, and the product of
logsig(x) terms with each xn represent nonlinear weights
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w hi c h pl a c e e m p h asis o n u n d er p erf or mi n g fr e q u e n ci es —t h e
l o g si g(a + b · x m ) f u n cti o n b e h a v es li k e a s wit c h: as x m

e x c e e ds a n u p p er p erf or m a n c e t hr es h ol d, l o g si g(a + b ·x m ) s at-
ur at es, r e d u ci n g t h e e m p h asis of t h at x m t er m a n d i n cr e asi n g
t h e i m p ort a n c e of t h e ot h er fr e q u e n ci es.  E a c h x n i n ( 2) is c o m-
pris e d of t hr e e s u b- o bj e cti v es ( y n, q ):  m a xi mi z e c o m m o n- m o d e
t o c o m m o n- m o d e tr a ns missi o n (S c c 2 1 ),  m a xi mi z e diff er e nti al-
m o d e t o diff er e nti al- m o d e tr a ns missi o n ( S d d 2 1 ), a n d  mi ni mi z e
l o c al diff er e nti al t o c o m m o n- m o d e cr oss- c o u pli n g (S d c 1 1 ).  T h e
c o ef fi ci e nts, c 1 , d1 , c2 , d2 w er e c h os e n s u c h t h at t h e l o g si g
a cti v ati o n f u n cti o ns s at ur at e f or S c c 1 1 a n d S d d 1 1 b ett er t h a n
- 1 0 d B a n d f or S c c 2 1 a n d S d d 2 1 b ett er t h a n - 2 d B. c 3 a n d d 3

ar e c h os e n s u c h t h at t h e l o g si g f u n cti o n c orr es p o n di n g t o t h e
cr oss- c o u pli n g s at ur at es f or S d c 1 1 b ett er t h a n - 3 0 d B.

III.  S I M U L A T I O N R E S U L T S

A  w a v e g ui d e  wit h p ol yi mi d e ( r = 3 .5 a n d t a n δ = 0 .0 0 8 )
c or e a n d 1 m m × 1 m m si z e cr oss-s e cti o n  w as us e d, c orr es p o n d-
i n g t o a us a bl e fr e q u e n c y r a n g e fr o m 8 0 t o 1 1 3 G H z f or d u al
m o d e pr o p a g ati o n.  T h e si m ul at e d l e n gt h of t h e  w a v e g ui d e is
6 m m. Fi g. 1 s h o ws t h e e n d-t o- e n d li n k  wit h b ot h s urf a c e
c o u pl ers, a n d t h e i ns et s h o ws a t o p- d o w n vi e w of t h e fi n al
o pti mi z e d c o u pl er. Fi g. 2 s h o ws t h e  E- fi el d pr o fil es pr o d u c e d
b y c o m m o n- m o d e a n d diff er e nti al- m o d e e x cit ati o ns i n t h e
cr oss-s e cti o n of t h e  w a v e g ui d e. Fi g. 3 pl ots t h e o bj e cti v e
f u n cti o n vs. it er ati o n a n d t h e i ns erti o n a n d r et ur n l oss es f or
e a c h  m o d e.  D u e t o  mirr or s y m m etr y, t h e t h e or eti c al cr oss-
c o u pli n g ( S d c 1 1 ) is 0.  T h e si m ul at e d |S c c 1 1 | a n d |S d d 1 1 |
r et ur n l oss es ar e b ot h b el o w − 1 0 d B fr o m 8 8. 6 t o 9 4  G H z ,
c orr es p o n di n g t o a 6 % fr a cti o n al b a n d wi dt h ( F B W). It  m a y
b e p ossi bl e t o f urt h er i m pr o v e t h e b a n d wi dt h b y i n cr e asi n g
t h e n u m b er of fr e q u e n ci es us e d i n t h e o pti mi z ati o n.

Fi g. 1. P ers p e cti v e vi e w of e ntir e s yst e m.  Di m e nsi o ns: w w g = 1 m m, h w g =
1 m m, a n d lw g = 6 m m. P orts 1 a n d 3 f or m a diff er e nti al p air f or o n e c o u pl er,
a n d p orts 2 a n d 4 ar e o n t h e ot h er c o u pl er.  O pti mi z e d a nt e n n a: d 1 = 4 0 µ m
, d 2 = 8 0 µ m, a n d d 3 = 8 0 µ m

I  V.  C O N C L U S I O N

We h a v e e x pl or e d t h e p ot e nti al of usi n g  R C A a n d h a v e
d esi g n e d, f or t h e first ti m e, a pl a n ar tr a nsiti o n t o a  m et alli c-

Pr o b e d pl a n e

L eft d u al -p ort 
c o u pl er

Ri g ht d u al -p ort 
c o u pl er

C o m m o n -m o d e e x cit ati o n Diff er e nti al -m o d e e x cit ati o n

Fi g. 2. Si m ul at e d  E- fi el d v e ct or pl ots of  w a v e g ui d e cr oss-s e cti o n f or
c o m m o n- m o d e a n d diff er e nti al- m o d e e x cit ati o ns.

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0

N u m b er of It er ati o n

1 0 - 8

1 0 - 6

1 0 - 4

1 0 - 2

O
bj

e
ct

i
v
e 

F
u

n
ct

i
o

n

E v ol uti o n of t h e O bj e cti v e f u n cti o n

7 5 8 0 8 5 9 0 9 5 1 0 0 1 0 5 1 1 0 1 1 5

F r e q u e n c y ( G H z)

- 4 0

- 3 5

- 3 0

- 2 5

- 2 0

- 1 5

- 1 0

- 5

0

M
a

g
ni

t
u

d
e 

(
d

B)

T r a n s mi s si o n a n d R efl e cti o n

S
c c 1 1

S
c c 2 1

S
d d 1 1

S
d d 2 1

Fi g. 3.  O bj e cti v e f u n cti o n vs. n u m b er of it er ati o n a n d si m ul at e d S- p ar a m et ers
of li n k.

c o at e d di el e ctri c  w a v e g ui d e t h at c a n c o u pl e i nt o t w o p ol ari z a-
ti o ns c o n c urr e ntl y usi n g a si n gl e a nt e n n a.  T h e d esi g n is als o
c o m p ati bl e f or o n- c hi p or o n- pri nt e d cir c uit b o ar d i nt e gr ati o n
d u e t o its pl a n ar n at ur e.
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