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Abstract—A new millimeter-wave planar antenna concept is
introduced that minimizes the excitation of surface-wave power
in the substrate. The proposed antenna uses a single metal layer
and does not rely on additional fabrication steps or auxiliary
structures such as vias, substrate etching, superstrates, dielectric
resonators, or lenses, making it compatible with most manu-
facturing processes, either on-chip or in-package. The design is
based on the principle, introduced in this paper for the first
time, that a ring of electric current in a multilayer grounded
stack does not excite the dominant TM, surface-wave when its
radius is properly selected. From the Green’s function analysis
in the Fourier domain, the design rule for such a ring is derived
as a tool for antenna designers. The concept is experimentally
demonstrated at W-band (75-110 GHz) using two single-metal-
layer prototypes fabricated on high-resistivity silicon and quartz
substrates. Series capacitive loading is employed to approxi-
mate the required ring-current distribution while maintaining
a compact footprint. The antennas performances are analyzed
though full-wave simulations and on-wafer measurements while a
reduced substrate coupling is experimentally demonstrated by 2-
ports measurements on-wafer. The antennas occupy areas smaller
than \3/4 on silicon and \}/2 on quartz, providing a compact
and fabrication-compatible means of controlling the dominant
surface-wave mode in single-layer millimeter-wave antennas.

Index Terms—Antenna in-package, antenna theory and design,
layered-media Green’s functions, millimeter-wave and terahertz
components, on-chip antenna, passive component modeling, re-
duced surface-wave antenna, substrate modes, surface-waves.

I. INTRODUCTION

HE demand for mm-Wave and Sub-THz antennas has

emerged across various applications, including high-
resolution radar imaging [1], precise material characterization
[2], and high-data-rate communication [3].

To meet the stringent requirements on integration, cost,
and form factor, antennas are increasingly co-integrated with
the radio-frequency integrated circuit (RFIC) front-end, either
directly on the silicon die as Antennas-on-Chip (AoC) or
within the package as Antennas-in-Package (AiP). AoC
solutions provide the highest level of integration, enabling
short interconnects, reduced parasitic effects, and compact
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Fig. 1. (a) Reference Si semiconductor stack for antenna on-chip. (b) Ref-
erence quartz interposer stack for antenna in-package.(c) Simulated radiation
efficiency of lossless canonical dipoles on Si chip and quartz interposer.

transceivers. Although some modern processes offer low-loss
substrates at mm-Wave frequencies (e.g., HR-SOI [4], [5],
GaN on HR-Si [6], InP [7], [8]), AoC designs remain expen-
sive due to the high manufacturing cost per unit area associated
with semiconductor processes. AiP approaches embed the
antenna within a package substrate, allowing the use of lower-
permittivity dielectrics (e.g., glass, quartz, LTCC) and a re-
duced cost per unit area, at the expense of increased packaging
complexity and interconnection losses between the antenna
and the RFIC [9]-[12]. Both AoC and AiP configurations are
illustrated in Figs. 1(a) and (b), where a silicon (Si) chip and
quartz interposer are considered, respectively. In this example,
the chip containing the RFIC front-end is connected to the
quartz interposer via flip-chip, although other interconnection
schemes are possible. Due to process constraints, substrates in
classical AoC and AiP technologies are typically electrically
thick at mm-Wave frequencies (i.e., thicker than )\,,/4 at
100 GHz, where A, is the wavelength in the substrate). Anten-



nas placed on such substrates can couple a significant portion
of their power to surface-waves (SWs), also known as substrate
modes [13], [14]. These SWs can diffract at substrate edges,
causing radiation pattern distortions and severely degrading
antenna performance if not properly controlled [15]-[17]. This
effect is illustrated in Fig. 1(c), which shows the simulated
radiation efficiency of lossless A/2 dipoles resonating at 85
GHz, as a function of frequency, for the AoC and AiP case
scenarios on Si and quartz substrates previously described.
As the simulation assumes lossless materials, all the power
loss is due to the excitation of surface-waves. It is observed
that, at the design frequency, the antenna on 300-um thick Si
substrate couples more than 80% of its power to SW while
more than 40% of the power is coupled to SW in the case
of the quartz substrate, the lower value being due to the
electrically thinner substrate in this case. A metal backplane
is placed beneath the substrates, as commonly encountered
in practical casings, in order to suppress backside radiation
and minimize coupling with underlying system components.
Perfect electric conductor (PEC) models are assumed for both
the backplanes and dipoles. Simulations are performed using
a Method of Moments (MoM) solver in Keysight ADS [18].
Lossless materials are assumed in Fig. 1 so that the reported
efficiency loss is due solely to surface-wave excitation. Metal
and substrate losses are analyzed separately in Section V-A.
Several process-based solutions have been proposed to
address the SW coupling of AoCs and AiPs, such as creating
a resonant cavity with through-substrate vias (TSV) [7], [19],
[20], local backside etching (LBE) of the substrate underneath
the antenna [21], [22] and/or using artificial dielectric layers
(ADL), superstrates, dielectric resonators (DR), lenses [22]-
[27] atop the antenna or external radiators [28]. However, the
above-mentioned techniques all require additional processing
steps or the addition of auxiliary radiating elements, which
add to the system cost. In particular, lenses, that are a common
solution at mm-Wave and Sub-THz frequencies, are sensitive
to misalignment of a few micrometers at these frequencies.
Big lenses, up to several centimeters of diameter, can be
used to mitigate this sensitivity, making it a bulky solution
not compatible with low-profile constraints [25], [26]. There
also exist solutions that do not require a complexified process
flow. One can cite electromagnetic bandgap (EBG) structures
[29], [30] and Metasurfaces (MTS) [10], [11] surrounding
the antenna to respectively act as a resonant cavity or to
convert the SW into a leaky wave mode that will participate
to radiation. However, these approaches occupy a large area,
which may be unavailable or prohibitively expensive. Planar
EBGs usually require areas larger than )\(2) [29], [30], and
MTSs more than 10)\3 [10], [11], with Ag the free space
wavelength in vacuum.
Another option that has been investigated in [15], [31], is to
design a dipole array with element spacing Asw /2, Asw being
the wavelength of the considered SW mode. In this configu-
ration, the SW excited by one element is in phase opposition
with the SW generated by its neighbor. This solution, while
requiring a limited area around A\3/4, only leads to a partial
cancellation of the excited SW, which has not been quantified.
When several metal layers are available atop the substrate, a

widely used strategy to avoid SW is to shield the antenna
from the substrate with one or more stacked metal layers
[32]-[34]. This, however, is not compatible with single layer
designs and results in reduced bandwidth (BW) and efficiency
as the distance from the antenna to the reflector becomes
much smaller than the wavelength (i.e. smaller than A, /100
at 100 GHz with \,,, the free space wavelength in the substrate
material). Furthermore, this solution does not take advantage
of the low-loss substrate underneath the shield if available.

This paper proposes a new reduced surface-wave (RSW)
antenna design approach compatible with both AoC and AiP
manufacturing flows. Specifically, a novel design rule for
planar antennas with suppressed SW excitation is derived
from an original analytical formulation based on the imposed
current distribution. The proposed solution relies on a single
metal layer and does not require additional fabrication steps
or auxiliary radiating elements, while remaining compact and
low-profile.

The remainder of this paper is organized as follows. Sec-
tion II reviews the state-of-the-art RSW antenna solutions at
lower frequencies, along with their limitations for on-chip
and in-package implementation. Section III then develops the
analytical framework to extract the excited SW power of a
planar antenna with a prior knowledge on the electrical current
distribution and material stack. From that expression, the new
design rule for a single layer antenna that does not excite
SWs is derived in Section IV as a tool for future antenna
designs. In Section V, two W-band (75-110 GHz) prototypes
are proposed, based on this design rule, as on-chip and in-
package demonstrators, and are analyzed through full-wave
simulation and on-wafer measurement in Section IV.

II. REDUCED SURFACE-WAVES ANTENNAS AT LOWER
FREQUENCIES

Several publications have proposed antenna designs that

reduce or totally cancel SW excitation at lower frequency,
referenced as RSW antennas.
In [35], Jackson proposed a variation of a circular microstrip
patch design which does not excite SW power. The design is
based on the principle that a ring of magnetic current, which
models the patch, on a substrate does not excite the dominant
TMy SW if the radius of the ring is a particular value R that
is a solution of the following equation:

Ji(BramoR) =0, (D

with SBraro the propagation constant of the TMy SW mode
and Ji(z) the derivative of the Bessel function of first kind
and order 1. Many RSW antennas based on this concept have
been proposed since then and are summarized in [36]. This
design comprises vias to make the antenna resonant at the
dimension imposed by the design rule given in (1), making
it not compatible with the vialess manufacturing processes
targeted in this work.

In [37], the same design rule is implemented using twin
arc-slots, based on the equivalence between slots and magnetic
current. This design, however, does not entirely cancel the SW
as the dipole-slot lengths are chosen to be resonant, and a full



ring of magnetic current cannot be implemented contrary to
Jackson’s design. Furthermore, for the equivalence between
magnetic current and slot in a metal plane to be valid, the
dimensions of the metal plane should be sufficiently large
(i.e., in the order of a few wavelengths [38]). This results
in very large antennas, not suitable for all on-chip or in-
package implementation, as a large metal plane would be
needed. Furthermore, this design is intended to radiate through
the substrate and is therefore not compatible with grounded
substrates, as considered in this work.
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Fig. 2. (a) Multilayer stack illustration. (b) Electrical ring current distribution.

The previously reported RSW solutions rely on a magnetic
current distribution which, for the reference AoC and AiP
substrate stacks shown in Figs. 1(a) and (b), results in low
radiated power in the W-band and, consequently, poor radi-
ation efficiency. This behavior originates from the substrate
thickness being on the order of \/4. At the source location, the
magnetic field associated with the wave reflected by the PEC
backplane therefore arrives in phase opposition with respect to
the upward-propagating wave, since the image of a magnetic
current with respect to a PEC has the same orientation.

The radiated power from a magnetic current source M is given

by:
ko
-Prad,M:a%{Sﬂ_Q// H - M dk, dk} 2)

with M the magnetic current source density and H the H-field
due to this current. Both quantities are expressed in the spatial
Fourier domain. In this configuration, low value of H induces
a low radiated power. It should be noted that, in this document,
the tildes refer to quantities in the spectral domain, and the
overbar in the space domain. Furthermore, bold symbols refer
to vectors or tensors.

Based on these observations, this paper proposes a new
RSW antenna solution that relies on the same current function
introduced by Jackson in [35], but implemented through an
electric current distribution, and not magnetic. This approach
is well suited for antenna integration on the reference chip and
package stacks shown in Figs. 1(a) and (b) in the W-band.
Indeed, following a reasoning analogous to that for magnetic
current sources, when the substrate thickness is on the order of
A/4, the electric field associated with the wave reflected by the
PEC backplane arrives in phase with the upward-propagating
wave at the source location. This behavior arises because the
image of an electric current with respect to a PEC has opposite
orientation.

The radiated power from an electric current source J is given

by:

-1 ko _ o,
P“‘d*’:%{sﬂ/o E.-J dkzdky}, (3)

where J is the electric current source density and E the E-
field due to this current, both in the spatial Fourier domain.

As a result, constructive interference occurs in the radiated
field, leading to a maximum in radiated power while keeping a
surface-wave suppression, as demonstrated in the next section.

III. ELECTRIC CURRENT RING SURFACE-WAVE AND
RADIATION

This section develops the analytical framework to extract
the power radiated and coupled to SW of a ring of electric
current. It is then demonstrated that, although the magnetic
current has been replaced by an electric one compared to [35],
SW suppression can be achieved following a different design
rule.

A. Total Power

Considering a multilayer stack, as shown in Fig. 2(a), with a
sheet antenna at any interface, the time-averaged active power
that leaves this antenna can be expressed as:

Pouté}%{ng/ / E-J d¢ﬂdﬂ} )

with J the current density on the sheet and E the electric field
due to this current. 8 and ¢ are respectively the transverse
wave vector and the azimuthal angle in the Fourier domain,
such that k, = [ cos(¢), ky = [sin(¢). An equivalent expres-
sion is given in [39] in the spatial domain. The integration is
performed in the Fourier domain such that the dyadic Green’s
function G can be expressed in closed form for a multilayer
stack [40]. Equation (4) then becomes:

Pout:%{&rz/ / GJ-J d(bﬁdﬁ} 5)

This study focuses on an electric current distribution following
one period of a cosine along a ring of radius R, inspired by the
magnetic current distribution from [35]. It can be expressed
as:

J(p, @) = cos(a)d(p — R)éq, (6)

with p and « being, respectively, the radial coordinate and the
azimuthal angle in the spatial domain. A sketch of the current
distribution J is shown in Fig. 2(b). Its Fourier transform,
expressed in cylindrical coordinates, is given by:

27 [ee]
j(ﬂfb):/o /O J(p, )PP pdpda. (7)

Expressing the basis vector é, in Cartesian coordinates:
éq = —sin(a)éy + cos(a)éy. (8)

and using the Anger-Jacobi relation [41]:

2T . .
sin(a) eIBpeos(a=a) go, = orrj sin
o Lcos(a)

n(¢)
((z))} Ji(Bp), (9)



with J;(z) the ith Bessel function of the first kind, one finds
the following expression for J:

J(B,0) = J2(BR) sin(2¢)éq+(Jo(BR)—J2(BR) cos(2¢))éy.

(10)
For the reference stack considered in this paper, shown in
Figs. 1(a) and (b), the Green’s function can be expressed in
the Fourier domain, following the same reasoning as in [40],
as:
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where Drg(5) and Dm(B) are defined in [42]. When the
antenna is at the uppermost interface, as in this case, they can
be expressed as:

1 1-TI'rg
D = — |k, ky,;———— 12
te(5) FoTlo ( 2,0 T Kz, 1+FTE) (12)
ko ( 1 €m’1+FTM)
D = = - |. 13
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ko and ng are respectively the free space wave vector and
impedance of the air and i is the index of the layer un-
derneath the interface where the antenna is located, Si or
Quartz in the cases considered in this work. For a layer 1,
the z-oriented component of the wave vector is given by
k.; = £+/eriks — B2, where the + sign is chosen except
for k.o in the air, as discussed below. I'tg and I'tv are
the reflection coefficients at the uppermost interface, looking
downward, respectively computed from I'g tg and I'g tm [42],
as defined in Fig. 2(a). The integral in (5) can be separated into
two integration domains: the visible and the invisible regions.

B. Integration in the Visible Region: Radiation

In the lossless materials case, the contribution due to radi-
ation into free space mathematically comes from the range of
integration k2 + ki < k2 [39], that is the visible region. The
physical meaning is that for each (k,, k,) pair in this region,
k.o = \/k3 — ? is real, meaning that energy is leaving the
structure towards the air region.

C. Integration in the Invisible Region: SW and Losses

The invisible region corresponds to the integration range
k2 + k2 > kg. The k. o wavenumber component is therefore
imaginary in this region. In the lossless materials case, the
only contributor to the real part of the integral in the invisible
region is the SW, that can diffract at the chip edges and distort
the radiation pattern as introduced earlier. In the invisible
region, the negative square root ko = —+/ki — 3% should
be selected to avoid field divergence as z tends towards +oo.
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Fig. 3. Radiation efficiency of rings of magnetic and electric current in W-
band for the reference Si and quartz stacks of Figs. 1(a) and (b) computed
from (14).

D. Radiation Efficiency

The radiation efficiency e, can be expressed in the lossless
materials case as

Pyisivle (14)

67, = -
Pyisivte + Prvisible

The radiated power corresponds to the integration of (5) in
the visible region, denoted by Pyisipe. The integration on the
invisible region is denoted by Ppyisible- The same logic can be
applied to magnetic current, separating the integration domain
of (2) into visible and invisible regions and computing the
Green’s function from (11) using the duality principle [43].
Fig. 3 shows the radiation efficiency of rings of electric current
J and magnetic current M in the lossless materials scenario
on the reference chip and package stacks of Figs. 1(a) and
(b). All antennas follow the current distribution of (6) and are
designed to have a peak efficiency around 75 GHz on Si and
85 on Quartz. The ring radii are given on the figure in each
case. It is demonstrated that, at the desired frequency, both M-
and J-current distributions give rise to a zero in Fyisibe and
therefore theoretically yield a 100% radiation efficiency.

It can be noted that, as stated in the introduction, while
the M-current distributions give rise to a peak at the desired
frequencies, it is narrow-band compared to the J-current cases.
This is due to the fact that, in the considered frequency range
and on the reference stacks, the H-field of the wave reflected
from the backplane conductor cancels out with the H-field of
the wave radiating upward as stated in Section II, resulting in
a low radiated power around the zero in Ppyyisiple- For the J-
current, Pyigiple assumes a peak in this frequency range while
Prvisible goes through a zero, allowing a broader frequency
band of high efficiency.

From Fig. 3, it is observed that, to obtain a peak in
efficiency at a given frequency, a ring of electric current
following the current distribution of (6) must have a different
radius, as compared to a ring of magnetic current following
the same distribution. The design rule for the case of a
magnetic current has been derived by Jackson in [35], as
reminded in (1). A new design rule must then be derived for
the case of electric currents; that is the goal of the next section.



IV. NEW DESIGN RULE FOR ELECTRIC CURRENT

The method used in this paper to obtain the new design rule
of a ring of electric current that does not excite SW differs
from that used by Jackson in [35] for a magnetic current. It
can although be shown that our approach allows to retrieve
Jackson’s design rule [see Appendix A].

In the lossless materials scenario, the only contributor
to losses is the SW. It is possible to obtain an analytical
expression of the power coupled to SW by extracting the
residue of (5) as explained in [40] or [44]. The integral of
(5) can be separated into two parts as

/00 f(z)dx = PV/oo f(@)dx — jrRes{f(x)}, (15)
0 0

where PV stands for Cauchy’s principal value, which only

contributes to the radiated power, and Res for the residue of
the integrand at the pole, that accounts for the power coupled
to SW [40].

While combining the integral of (5) with the expression of
the Green’s function given in (11), the power coupled from
any real valued current to the TMy SW mode can be shown
to be equal, by calculating the residue using 1’'Hopital’s rule,
to

PTMO _ %{_j N(ﬁTMO)

2m
2
o mﬁTMo /0 [COb (®)
R 2
+502(9) | T, (6 Brvo)|

+2008(0)sn(6)7 (6. v, 6, )] 0 |
(16)
with Bmvo the propagation constant of the TMy SW mode and
1/Drm(B) = N(B)/D(B), with Dy(8) given in (13). These
quantities only depend on the stack parameters.

It is possible to cancel the ¢ integral in (16) to eliminate
power coupling from an antenna to SW for a given material
stack. For the current distribution given by (6), this leads to
the following condition:

j’»U (¢7 BTMO)

’ 2

oﬂ%Mwﬁmuwmﬁ@

(
+ (J5(BoR) + J5(BoR) cos® (2¢ )
— 2J()(5()R)J2(ﬂ()R COS 2¢ )
+ 2(J0 (ﬂoR)JQ (ﬁQR) s1n(2¢)
— J3(BoR) sin(2¢) cos(2¢)) cos(¢) sin((b)} d¢. (17)

After evaluation of the trigonometric integrals, and using the
property

SIH

Ta(e) + o) = 2 (o), 18)
one obtains the design rule for a ring of electric current:
J1(BrmoR) = 0. (19)
This yields,
BrmoR = 3.8317, (20)

where the first root has been selected to maintain the design
as compact as possible. Equation (20) is a fundamental design
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Fig. 4. (a) TM(y SW propagation constant normalized by the free space wave
vector in vacuum versus frequency. (b) Ring radius normalized by the free
space wavelength versus frequency.

equation, which states that a ring of electric current will not
excite the TMy SW, provided the radius R is chosen to satisfy
it.

In Figs. 4(a) and (b) are shown respectively the TMy SW
propagation constant normalized by the free space wave vector
in vacuum and the ring radius normalized by the free space
wavelength versus frequency. On both plots are considered
the reference Si and quartz stacks of Figs. 1 (a) and (b). The
electric ring radius has been evaluated using the new design
rule (20) and the propagation constant of the fundamental
SW mode has been obtained using the transverse resonance
technique as described in [45]. This graph allows the estimate
of the dimensions required by the antenna at each frequency
for the two reference Si and Quartz stacks. As SBtyo moves
from ko, at low frequency, to krgm (i.e., the wavenumber of
the transverse TEM mode in the substrate) at high frequency
[45], the ratio R/\¢ transitions from a constant value near 0.6
to another constant near 0.31 for quartz and 0.18 for Si.

It can be noticed that, although the design rule to avoid
SW excitation of M- and J-current rings look similar, the M-
current design rule involves the derivative of a Bessel function
(1) while the new rule for J-current rings does not.

It can be mentioned that the design targets the dominant
TMy surface-wave mode. The present design rule cancels only
this SW mode. When higher-order modes become propagating
and significantly excited, the single-root condition (20) is
insufficient to suppress total substrate-mode power.The same
methodology could be extended to higher-order modes using
the same Green’s-function framework, which is left for future
work. It appears that rings of electric current should have a
radius multiplied by a factor slightly larger than 2 to avoid
SW excitation, compared to M-current. One could conclude
that this will result in a larger area occupied by the antenna.
In practice, as detailed in Section II, the magnetic current is
implemented using a slot in a metal plane when no via is
available. For the equivalence between magnetic current and
slot to be valid, the dimensions of the metal plane should be
sufficiently large compared to the wavelength, resulting in a
large area occupied by the antenna. Furthermore, as described
in Section III.D, for the reference stacks considered in this
paper, the magnetic ring would suffer from strong destructive
interference in the considered frequency band, leading to a
very narrow peak in efficiency as shown in Fig. 3.



The next section discusses the implementation of such an
antenna on both Si and Quartz substrates.

V. ELECTRIC RING IMPLEMENTATION IN W-BAND ON SI
AND QUARTZ USING ONE METAL LAYER

This section presents the implementation of the novel RSW
antenna concept using series capacitors to make the antenna
with the desired ring radius resonant at the target frequency.
Two prototypes are considered on the reference stacks shown
in Figs. 1(a) and (b) as AoC and AiP demonstrators on Si and
quartz substrates with respectively 80 and 85 GHz of central
frequencies. The 500-um quartz interposer considered here is
used as a representative example; the proposed design rule is
derived from the TM, propagation constant of the layer stack
and therefore extends directly to other single- or multi-layer
AiP substrates (e.g., thinner quartz/glass cores with polymer
buildup layers).

A. Antenna Implementation with Series Capacitors

The electric ring is implemented using two in-phase curved
dipoles in their first resonance mode. The current on a dipole
at first resonance follows a cosine function on half a period
with a maximum at its center and zeros at its edges imposed
by the open-circuit boundaries. A dipole at first resonance
has a length Aer/2 = Ao/(2y/Eretr), Where g is the free
space wavelength in vacuum and &, ¢ is the effective relative
permittivity, whose expression for a single grounded dielectric
slab is given by [46]:

er+1 e —1

o+
2,/1+ 2

where H is the substrate thickness, W the dipole width and
e, the relative permittivity of the material beneath the dipole.
The values of H and ¢, are given on Figs. 1(a) and (b) for
each substrate and the considered width is selected to be 10
um.

The new design rule for a ring of electric current derived
in Section IV imposes that, for a given frequency, the current
should follow a period of a cosine function w.r.t. & on a circle
of a certain radius R given by (20) to avoid SW excitation.
At the design frequency, the two curved dipoles are not at
first resonance as their length 7R, with R imposed by (20),
is greater than Ag/2. The first resonance frequency should
therefore be shifted by increasing Aegr.

To achieve this resonance frequency shift, series capacitors
are periodically inserted into the dipole arms, as shown in
Fig. 5(a). When neglecting radiation, the dipole arms can
be modeled as lossless transmission lines made of cascaded
blocks composed of a series inductance L and a shunt capaci-
tance C', each block being small compared to the wavelength.
This equivalent circuit is shown in Fig. 5(b). The L and C
elements are linked to the effective wavelength by the effective
propagation constant Seg:

Ereff = 201

Bur = 2 fVIC = 2%

. 22
/\eff ( )

(a) (b)

Fig. 5. (a) Scheme of the proposed implementation made of curved dipoles
with series capacitors. (b) Transmission line equivalent circuit.

<

Radius 1050[um] - Si
=== Radius 1327[um] - Quartz

70 75 80 85 90 95
Frequency [GHz]

7
—

]

Radiation Efficiency
[
o

100

N
wn

Fig. 6. Radiation efficiency of the considered antennas for the reference Si
and quartz stacks of Figs. 1(a) and (b) computed from (14) in the lossless
materials scenario.

The effective wavelength can be increased by reducing either
L or C in each cascaded unit cell, which can be achieved
by introducing a shunt inductance or a series capacitance.
In this work, the former approach is adopted, as both on-
chip and in-package technologies rely on fine lithography
processes that enable the realization of high-density capacitors
[47], [48]. Depending on the process, these capacitors may be
implemented using parallel-plate or interdigitated topologies.
The reduced equivalent inductance L’ of each block can be
expressed, considering the series capacitor Cf, as:

1
(2mf)*Cs

For the selected design frequency and substrate materials,

the ring radii on silicon and quartz are chosen, referring to
(20), as Rg; = 1050 pm and Rquartz = 1327 pm, respectively,
in order to avoid SW excitation. The corresponding radia-
tion efficiencies, computed using (14) under lossless material
assumptions, are shown in Fig. 6 for both geometries. To
maintain a compact antenna footprint, a trade-off between
ring radius and radiation efficiency was made in the silicon
implementation. As a result, the operating frequency of the
silicon-based antenna does not reach 100% efficiency, since it
lies slightly above the cut-off frequency of the TE; mode. As
shown in Fig. 6, only about 3% of the input power is coupled
to SW, which is considered negligible. The cut-off frequency
of the TE; SW mode can be shown to be around 75 and 90
GHz in the Si and Quartz cases [45].
From that result, eight series capacitors, uniformly spaced, are
introduced on each curved dipole, as shown in Fig. 5(a). Their
practical implementation and characterization is discussed in
the next section.

I'=1- (23)
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By extracting the phasor of the azimuthal current .J, along
the ring in Ansys HFSS [49], it was found that, for a value
of roughly 10 and 6 fF given to the series capacitor, on
Si and quartz respectively, a current distribution close to a
cosine is obtained. It is shown in Fig. 7 where both phase and
normalized magnitude of J, are plotted along with a pure
cosine function as a reference for the two cases of the ring
without series capacitor (Cs = oo) and with the designed
Cs = 10 fF series capacitors in the Si substrate case. It is
demonstrated that the obtained current distribution is close to
the ideal first resonance mode of the curved dipoles with the
designed C';. Several peaks and zeros are observed without
series capacitor, corresponding to a higher-order resonance of
the curved dipoles, which would be undesired. It should be
mentioned that the obtained values of a few fF are well within
the realm of practical implementation of industrial processes
[48], [50]-[52] as it will be shown in the next section. In the
simulations, the dipoles are fed from the center of the ring
by a coplanar waveguide (CPW) line that splits into to in-
phase coplanar strip (CPS) line, as shown in Fig. 5(a). On
Fig. 7(b), the gaps correspond to intentional openings in the
metal layout at the dipoles feeding point and at current-null
locations to allow the routing of the feeding transmission line,
as it will be discussed in Section VI-B.

B. Efficiency Analysis

The efficiency of the resulting ring antenna designs with
16 series capacitors has been extracted using a finite element
method (FEM) in Ansys HFSS [49] and a MoM in ADS
from Keysight [18], as shown in Fig. 8. Two loss scenarios
have been considered for the quartz case: (i) lossless mate-
rials, (i7) lossy antenna and substrate (i.e., 2kQ-cm quartz,
as characterized in the next section). For the Si case, in
addition to the lossless scenario, three substrate resistivities
are considered: (7) 3 kQ-cm, representative of RF-grade high-
resistivity substrates, (iz) 150Q-cm, and (ii¢) 20Q-cm, the

S ({\
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3

Fig. 8. Radiation efficiency obtained from full-wave simulations considering:
(a) Four loss scenarios in the Si case. (b) Two loss scenarios in Quartz
substrate.

latter two bracketing the typical medium- and low- resistivity
values of standard commercial CMOS processes. In all lossy
scenarios, the antenna is made of a I-um-thick aluminum
layer (o5 = 2.9 x 107 S/m). The 3kQ-cm scenario is the
one experimentally investigated on Si in the next section.
High correlation is obtained among the two solvers in each
scenario. It is noted that for both solvers, in the lossless case,
the efficiency reaches a peak near 70% on Si and 90% on
quartz, meaning that at the peak, ~30% of the power that
leaves the antenna is in the form of a SW for the Si case
and ~10% for the quartz substrate. Neat uncoupling to SW
is not reached as the current distribution obtained using series
capacitors is not a pure cosine function as required by the
design rule, but the distribution is close enough to this ideal
case to reach a considerable SW coupling reduction.

While considering the lossy ring and substrate, the antennas
reach a peak around 58% on high-resistivity (3 k2-cm) Si and
77% on quartz, meaning that ~12 additional % of the power is
lost through Joule’s effect. In these two cases, the losses are
dominated by the finite conductivity of the 1-um aluminum
antenna, while the substrate dielectric losses remain negligible.
Performances could be improved by selecting higher conduc-
tivity metals such as Cu or Au. It can be mentioned that the
capacitance values have been selected to enforce a cosine-like
current distribution at the design frequency only, without any
optimization for wideband operation. While an ideal cosine
current at all frequencies is assumed in Fig. 6, full-wave
simulations show a frequency-dependent current distribution,
resulting in a slightly reduced operational bandwidth.

The propagation constant of the TM, surface-wave mode
being negligibly affected by a reduction of the substrate
resistivity [45], so is the electric-current design rule of Sec-
tion IV, which depends only it. The intended current dis-
tribution can therefore be considered as independent on the
substrate resistivity, even for standard low-resistivity substrate.
However, unlike the high-resistivity case, conductive loss in
the substrate is no longer negligible at lower resistivity and
becomes the dominant loss mechanism. For the medium-
resistivity 150 Q-cm Si, an additional ~10% efficiency drop
is observed compared to the 3k{)-cm case, which can be
considered acceptable given the lower cost of such substrates.
For the low-resistivity 20 Q2-cm Si, representative of standard
digital CMOS wafers, the efficiency drop is much more severe,
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reducing the peak efficiency to approximately 15%. This
confirms that, while the proposed design rule remains valid
even for low-resistivity substrate, the technique is best suited to
high- and medium- resistivity silicon. Its use on low-resistivity
digital-CMOS-grade substrates would require additional loss-
mitigation measures to remain competitive.

Compared to the canonical dipoles on the same substrates,
introduced in Fig. 1(c) that couple more than 80% of their
power to SWs on Si and 40% on quartz, the SW efficiency,
defined as the ratio of SW power to the sum of SW and
radiated power, is reduced by more than a factor of 2.5 for both
substrates, at the design frequency. Furthermore, the antennas
occupy respectively an area smaller A\3/4 on Si and \3/2 on
quartz, making them a compact solution.

Contrary to ADS, which intrinsically does not account for
SW in its extracted radiation efficiency, radiation boundary
conditions must be imposed at lateral boundaries of the
simulated space in HFSS, that capture the diffracted SW at
the chip edges. A part of the SW power is therefore accounted
for in the computed radiated power in these solvers. To avoid
this ambiguity and to be able to distinguish the radiated
power from the power coupled to SW, the chip has been
enclosed within a buffer stack with the same dimensions and
permittivity but with a 10 Qcm substrate. In HFSS, the chips
have lateral dimensions of 8 mm x 8 mm and are enclosed
by buffer whose lateral dimensions are 20 mm x 20 mm. The
buffer dimensions have been chosen such that at least 99% of
the SW power that enters in it is dissipated before reaching
the edge, while the attenuation constant of the SW has been
computed using [45]. This approach relies on the assumption
that all the SW power coming from the chip to the buffer
is transferred in the buffer region. This is supposed to be
true as the extracted propagation constant and characteristic
impedance of the SW modes, extracted from a modal analysis
in HFSS, are very close in the ‘buffer’ and in the ‘chip’
regions.

C. Tolerance Analysis

To assess the robustness of the proposed design against
fabrication-induced variations, a parametric tolerance analysis
has been performed on both prototypes, considering three
sources of deviation: (i) variations in substrate thickness H,
representative of typical wafer-thickness tolerances (£15um
for Si, £25um for quartz, corresponding to +5% of the
nominal thickness for both substrates), (i¢) variations in the
series capacitor value Cj, consistent with the +1 fF variation
observed between simulated and measured capacitance, as
it will be discussed in Section VI-A and (7i7) variation on
the substrate permittivity ¢, of +5% if both case. ADS
simulations, following the same procedure as used for Fig. 8,
have been repeated for each parameter varied independently
about its nominal value, with the other parameter held fixed,
for the lossy high-resistivity Si and quartz designs. The results
are shown in Fig. 9(a) and (b) for the Si and quartz prototypes.
In all cases, the radiation efficiency variation is lower than 5%,
while a slight shift of the peak is observed, confirming that
the design is reasonably robust to realistic process tolerances.
Substrate-thickness and relative permittivity variations are
observed to have the more pronounced effect of the three
parameters: since the ring radius is fixed after fabrication, a
change in H or ¢, alters the TMy mode propagation constant
of which depends the design rule of (20), so the frequency
at which SW suppression, and hence peak efficiency, occurs
shifts accordingly. Capacitor-value variation has a compara-
tively smaller impact on the peak efficiency level, but similarly
introduces a shift in the frequency at which the curved-dipole
current distribution best approaches the ideal cosine shape
required by (6), consistent with the role of Cs in tuning
the effective propagation constant Ser of (22). Overall, both
prototypes retain their essential radiation-efficiency behavior
over the considered fabrication tolerances, the operating band
remaining centered near the nominal design frequency.

While this section has demonstrated how the ring of electric
current can be implemented using series capacitors, these will
be described and characterized in the next section.

VI. CHARACTERIZATION

A. Capacitance Design and Characterization Using One
Metal Layer

In the previous section, it was shown that capacitance values
of approximately 6 fF and 10 fF are required for the silicon and
quartz antenna designs, respectively. This section describes
how such capacitors are implemented using a single metal
layer and subsequently characterized on both substrates.

Interdigitated capacitors are adopted, allowing to take ad-
vantage of the high resolution lithography (i.e. below 1 pm)
offered by most processes nowadays while maintaining the
design on one metal layer. Dedicated full-wave simulations of
the capacitors were carried out to adjust their values where
interdigitated capacitors with 1 um spacing are considered.
Considering the simplified equivalent circuit shown in
Fig. 10(a), which models the structure as a two-port network
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containing a series capacitance, the capacitance value is ex-
tracted from the simulated admittance matrix as
%{Yll}

C= onf (24)

To experimentally characterize the designed interdigitated
capacitors, they were cascaded along the signal line of copla-
nar waveguide (CPW) structures, as illustrated in Figs. 10(b)
and (c).

Figure 10(c) shows a microscope image of a CPW-cascaded
capacitor. On-wafer S-parameter measurements were per-
formed using an Agilent N5242A PNA-X vector network
analyzer over the 10-110 GHz frequency range. A pair of
GSG Infinity probes from FormFactor and an MPI probe
station were employed. The reference planes at the probe
tips (P1 in Figs. 10(b) and (c)) were established through a
multiline TRL (mTRL) calibration, as described in [53], on
a impedance standard substrate (ISS) . On the same wafers,
standalone CPW lines (i.e. without integrated capacitors) of
various lengths {280, 530, 1580, 2030, 3000, 5000} pum and an

open-circuit standard were fabricated, enabling the application
of a second-tier on-wafer mTRL de-embedding to shift the
reference planes at the edges of the capacitor (P2 in Figs. 10(b)
and (c)) [54].

In addition to the shift of reference plane position, the
second-tier mTRL de-embedding procedure applied to the
CPW lines on-wafer enables the extraction of substrate param-
eters [55]. The extracted permittivity and resistivity values for
both silicon and quartz substrates are reported in Figs. 10(d)
and (e), respectively.

The extracted permittivity shows very good agreement with
the reference values (i.e., ¢, = 11.9 for silicon and ¢, = 3.8
for quartz). Consequently, no frequency shift is expected for
the antenna designs fabricated on the same wafers, which are
presented in the next section.

Figure 10(e) further indicates that the extracted resistivity of
both materials remains above 1 k{2cm over the entire charac-
terized frequency band. Reference resistivity values of 3 k{2cm
and 2 kQcm are selected for the silicon and quartz substrates,
respectively, and show good agreement with the extracted data
at low frequencies.It should be noted that, for such low-loss
substrates (i.e., p > 1 kfdcm), accurate resistivity extraction
becomes increasingly challenging at higher frequencies, as
conductor losses in the CPW dominate the overall attenuation
and mask the relatively small contribution of substrate losses.
Moreover, calibration inaccuracies introduce systematic errors
that grow with frequency [55]. That explains the high fluc-
tuation of the curves and missing portions, due to negative
resistivity extraction. Overall, as mentioned, the extracted
resistivity can be considered above 1 k€2cm over the frequency
band, corresponding to an equivalent tan(8§) < 5 x 1073 for
both materials at 100 GHz.

Finally, Fig. 10(f) compares the simulated and measured
capacitance values as a function of frequency. A good agree-
ment is observed over most of the band, while slight de-
viations appear above 80 GHz, particularly for the silicon
substrate. These discrepancies are attributed to calibration
non-idealities or probe-dependent residual error inherent to
on-wafer measurement at Sub-THz frequencies [56]. The
observed variations, on the order of +1 fF, remain acceptable
for the proposed capacitively loaded antennas, as demonstrated
in V-C, confirming the suitability of the designed capacitors.

The next section presents the mm-Wave antenna measure-
ment results on silicon and quartz substrates.

B. mm-Wave Antenna Measurement

This section presents the implementation of the ring an-
tennas on silicon and quartz substrates presented in Section
V-A. The prototypes on Si and quartz are shown in Figs.
11(a) and (b) respectively. They have respective radii 1050
and 1327 pm as detailed previously. The antennas and their
feeding networks are realized using a single metal layer and
incorporate sixteen series interdigitated capacitors each, whose
design and characterization are described in Section VI-A. A
zoomed view on one capacitor is highlighted in each image
of Fig. 11. The antennas are fed using CPW lines terminated
with GSG pads, as shown in Fig. 11. At the center of the ring,



Fig. 11. Microscope view of the processed ring antennas with zoom on an
interdigitated capacitor. (a) Si prototype. (b) Quartz prototype.

the same CPW to dual-CPS mode transition, as introduced
in Section V-A for the efficiency simulations, is employed
to excite both halves of the ring in phase. A 3-mm-long
CPW access line is introduced to mitigate the influence of
the bulky on-wafer probe on the radiated field during far-field
measurements [58].

The antennas have been designed alongside the CPWs and
capacitors described in Section VI-A on the same wafers.
The structures were fabricated on bare 3-inch silicon and
quartz wafers using a single-metal-layer process. A 1-um-
thick aluminum layer was deposited on both wafer sides by
e-beam evaporation, with the backside metal serving as a
continuous metal plane. The top layer was patterned using
standard photolithography and chlorine-based plasma etching.

For the on-chip antenna measurements, the spherical an-
tenna measurement system presented in [57] was employed.
The on-wafer probe, as well as the overall measurement setup
including the microscope and the reference horn antenna,
are shown in Figs. 12(a) and (b), respectively. A Picoprobe
Model 75 GSG probe was used and connected to a R&S
ZNA43 VNA through a W-band frequency extender R&S
ZC110. The realized gain of the antenna under test (AUT) is
obtained by comparing the measured transmission coefficient
So1 with that of a well-known horn antenna, while compensat-
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Fig. 13. Ring antennas S1; and Zj, versus frequency. Quartz prototype (a)
and (b). Si prototype (c) and (d).

ing for the losses introduced by the mm-Wave probe, following
the procedure described in [60]. The gain is calculated as

|521,AUT|2

GHorn . (25)

Gaur =
|521,Probe|2 |521,Hom|2

In (25), the probe losses are determined by extracting the
error terms of the mm-Wave probe using on-wafer calibration
open, short, and load standards. To minimize the impact of
the measurement environment on the radiation pattern, most
metallic parts of the setup, including the chuck, are covered
with mm-Wave absorbers, as shown in Fig. 12(b). The parasitic
effects associated with on-wafer far-field measurements are
illustrated in Fig. 12(c). They include probe scattering and
direct radiation, as well as scattering induced by the absorber
[17].
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Fig. 13 presents the measured and simulated reflection
coefficient (S11) and input impedance (Z;,) of the silicon and
quartz antennas. The reference plane is set at the probe tip
using an SOL de-embedding procedure [59], while simulations
are performed using Ansys HFSS. A good agreement between
simulation and measurement is observed. Oscillations in the
measured response are attributed to residual multipath effects,
despite the use of mm-Wave absorbers [60]. No frequency shift
is observed, in agreement with the permittivity characterization
presented in Section VI-A. For the silicon antenna, the ex-
tremely low reflection coefficient level makes the measurement
more sensitive to these oscillations, explaining the slightly
reduced agreement observed in S7; compared to Z;, although
the input impedance is extracted from the measured S1;.

Radiation pattern measurements are performed by rotating
the receiver around the AUT in a spherical coordinate system.
Two cut planes are measured in the E- and H-planes, as
defined in Fig. 11. The H-plane is limited to |#] < 50° to
avoid collision with the microscope, while the E-plane spans
—15° < § < 50°, as smaller angles are shadowed by the
probe. The ring antenna exhibits a broadside main lobe with
linear polarization along é,. This behavior is explained by the
current distribution shown in Fig. 7: at broadside, the curved
dipoles radiate in phase, resulting in cancellation of the é,-
oriented field components and a net é, polarization.

The realized gain in this polarization is shown in Fig. 14 for
both cut planes at the center frequencies of 80 and 85 GHz for
the silicon and quartz substrates, respectively. In both planes,
a very good agreement between simulation and measurement
is observed. In the E-plane, small oscillations are observed as
well as a deviation around 6 ~ 30°. These are attributed to
probe-induced reflections and scattering, as well as multipath
within the measurement setup as observed in [34]. A broadside
realized gain of approximately 5 dBi and 4 dBi is obtained for
the silicon and quartz antennas, respectively.

Fig. 15 shows the realized broadside gain as a function of
frequency. Once again, good agreement between simulation
and measurement is obtained, while slight gain ripples are
observed as previously discussed. The gain response is more
stable over frequency for the quartz substrate, as expected due
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Fig. 16. Normalized measured radiation pattern in H-plane at 83 GHz
compared with the theoretically predicted one assuming the ideal ring current
distribution. Computed from (A10). (a) Quartz prototype. (b) Si prototype.

to its lower permittivity. The slightly higher gain of the silicon
prototype compared to the quartz prototype is attributed to
the residual impedance mismatch of the quartz antenna at the
operating frequency.

Finally, to further assess the current distribution along the
ring, the measured radiation pattern at 83 GHz is compared
with the theoretically predicted pattern assuming an ideal
lossless current distribution given by (6) on the reference
substrate stacks. The comparison is shown in Fig. 16 as a
function of the elevation angle 6. The radiated electric field
and the corresponding normalized gain analytical computation
are given in Appendix B. Only the H-plane radiation pattern
is reported, since the E-plane measurements are significantly
affected by probe shadowing and scattering effects, as dis-
cussed previously. These effects being not accounted for in the
analytical model. A very good agreement is observed between
the measured and theoretical patterns, demonstrating that the
intended current distribution is effectively impressed along the
ring through the use of the series capacitive loading.

C. Surface-Wave Coupling Characterization

This section provides experimental evidence of the re-
duction in SW coupling achieved by the proposed antenna.
A coupling-based characterization approach is adopted for
this purpose, following a technique used to quantify SW
excitation at lower frequencies [63], [64]. In this approach,
the transmission coefficient 5‘21 between the AUT and a fixed
reference probe antenna, both placed on the same substrate, is
measured and used as an indicator of the SW power coupled
into the substrate.
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monopole cases.

Because the considered process allows only a single metal
layer and no through-substrate vias, a single-ended quarter-
wavelength monopole is used as a probe instead of the coaxial
pins used in [63], [64]. The monopole is fed directly from
a CPW line, consistent with the feeding approach used for
the ring antenna itself and compatible with on-wafer probing.
The monopole is used both as the reference antenna, for
a monopole-monopole (M-M) coupling baseline, and as the
coupling probe for the ring-monopole (R-M) characterization.

The measurement procedure is as follows: after an ISS-
based on-wafer calibration, identical to that described in Sec-
tion VI-A, the coupling is measured between (i) the proposed
ring antenna and a reference monopole, and (ii) two reference
monopoles, referred to respectively as the R-M and M-M
configurations. For both cases, three relative positions of the
receiving probe are considered, as illustrated in Fig. 17(a):
(1) at 2cm from the ring center along the axis of the feed-
line extension, (2) at 2 cm along the orthogonal grid axis, and
(3) at 2cm along each of the two grid axes simultaneously,
corresponding to a diagonal (45°) direction at a center-to-
center distance of 2v/2 ~ 2.83 cm. The separation distance of
2cm (/5.5) at 83 GHz) was selected to keep the free-space
coupling contribution small relative to the substrate-mediated
coupling within that constraint. The structures were fabricated
for this measurement on the high-resistivity silicon substrate
described in Fig. 1(a). The measurement was performed us-
ing the same probes and calibration procedure described in
Section VI-A.

To enable a fair comparison between the R-M and M-
M configurations and to remove the influence of impedance
mismatch, the normalized coupling factor introduced in [63]

is used:
|:S21]

V=[S (1 =1S2?)

Fig. 17(b)—(d) show the measured |5'21| for the R-M and M-M
configurations, for the three relative positions defined above.

As expected from the directional TMy coupling of a linear
antenna at first resonance such as the monopole [65], the M-
M coupling is strongest in configuration (1), along the probe
axis [Fig. 17(b)]. The R-M coupling is also strongest in this
same configuration, consistent with the ring antenna’s own
current distribution: since the ring is composed of two curved
dipoles fed along a common axis, its residual (non-ideal) TMy
excitation is expected to be strongest along that same feed-
line axis. In this direction, the R-M coupling is nonetheless
reduced by 6.5 dB relative to the M-M baseline at the design
frequency of 80 GHz, with a minimum observed around 85
GHz where a reduction of more than 10 dB is observed
compared to the M-M case. Solving the design rule (20) for the
fabricated ring radius Rg; = 1050 um yields a predicted TM-
suppression frequency of 84 GHz, in close agreement with
the coupling minimum observed in Fig. 17(a). This agreement
provides direct quantitative support for the underlying design-
rule mechanism.

For configuration (2) [Fig. 17(c)], corresponding to the di-
rection along which the TE; mode is expected to couple
most strongly for a linear antenna at first resonance [65], the
coupling is increasing with frequency above its cut-off at 75
GHz [Section V-A], while being weaker compared to case
(1). This is consistent with the TE; mode being only weakly
excited by the ring over at the design frequency of 80 GHz, as
explained in Section V-A, and a very little portion of the input
power is expected to couple to this mode near this frequency.
The R-M coupling in this configuration is nonetheless reduced
relative to the M-M baseline across the band, consistent with
the weaker overall SW coupling of the ring design.

Finally, in the diagonal configuration (3) [Fig. 17(d)], inter-
mediate between the TMy- and TE;-dominant directions, a
minimum in the R-M coupling is again observed near the
predicted TMy-suppression frequency. The relative reduction
is however smaller than in configuration (1), as expected since
this direction corresponds to neither the maximum of the TMj
nor of the TE; SW pattern.

Taken together, these measurements provide experimental
evidence consistent with the analytically predicted reduction
of SW in Section V-A and observed indirectly through the
pattern and input impedance agreement of Section VI-B.

|Sa1| =

(26)

D. Comparison with State-of-the-Art

Table I compares the proposed antennas with previously
reported mm-Wave AoC and AiP designs that address SW
excitation or radiation efficiency without relying on through-
substrate vias, auxiliary radiating elements (e.g., dielectric
resonators, lenses, superstrates), or additional processing steps.
Solutions relying on artificial magnetic conductors (AMC)
or metasurfaces [31], [62] achieve competitive efficiency and
gain, but require two or three metal layers to implement



TABLE I
COMPARISON OF THE PROPOSED ANTENNA WITH PREVIOUSLY REPORTED ON-CHIP AND IN-PACKAGE ANTENNAS AT MM-WAVE FREQUENCIES, WITHOUT
THROUGH-SUBSTRATE VIAS, ADDITIONAL RADIATORS, OR COMPLEXIFIED PROCESSES.

Solution to Metal Area Peak meas. Peak
Ref. Freq. (GHz)  Technology avoid SW layers  (22) TIBBW(%)  Gain @Bi)  Eff (%)
[12] 135 LTCC Thin substrate 2 1.00 4.4 11.0 -
[61] 140 40-nm CMOS Edge radiation 1 0.07 15 —2.7 -
[62] 94 In-house CMOS- Substrate shielding with AMC 2 1.57 5.9 9.8 720
compatible process
[31] 139 28-nm bulk CMOS Dipole array with AMC 3 0.20 19 2.3 30P
. Dipole array, dual
[15] 120 130-nm SiGe SW-mode cancellation 2 0.15 8 —2.5 -
In-house lithography . a
[This work] 80 on Si Tailored current 1 0.25 10 4.9 58
85 In-house lithography 1.1 ed current 1 050 20 42 77
on Quartz
2 Simulated.
b Measured.

the shielding or feeding structure. The dipole-array SW-
cancellation approach of [15], conceptually the closest prior
work to the present design, achieves a compact footprint
(0.15 M%) using two metal layers, but does not report a radia-
tion or surface-wave efficiency figure, and its cancellation is
inherently partial, as discussed in Section I. Edge-radiating and
thin-substrate approaches [12], [61] avoid surface-wave exci-
tation altogether by geometry rather than by current shaping,
at the expense of either low gain or a non-negligible thickness
constraint.

In contrast, the proposed antennas are, to the best of our
knowledge, the only reported solution combining explicit
surface-wave reduction with single-metal-layer, vialess com-
patibility, while reaching peak simulated efficiencies of 58%
on Si and 77% on quartz within a compact footprint of
0.25-0.5 A\3. We further note that surface-wave efficiency is
not reported for several of the compared designs [12], [15],
[61], which limits a fully quantitative efficiency comparison
across the table; nonetheless, the combination of measured
gain, compact area, and single-layer compatibility indicates
that the proposed approach offers a favorable trade-off in terms
of process complexity and antenna performances among the
solutions considered.

VII. CONCLUSION

This paper has introduced a new millimeter-wave planar
antenna concept which excites little surface-wave power. The
proposed approach relies on an electric current distribution
implemented using series capacitors loading, enabling surface-
wave mitigation using a single metal layer without additional
fabrication steps, auxiliary radiating elements, or multilayer
metallization, making it compatible with both AoC and AiP
technologies. The design is based on the principle, introduced
in this paper for the first time, that a ring of electric current in
a multilayer grounded stack does not excite the dominant TM,
surface wave when its radius is properly selected. From the
Green’s function analysis in the Fourier domain, the design
rule for such a ring is derived as a tool for antenna designers.

Two W-band prototypes fabricated on silicon and quartz sub-
strates are presented as AoC and AiP demonstrators. A strong
reduction of surface-wave excitation on electrically thick sub-
strates is demonstrated as the surface-wave efficiency, defined
as the ratio of surface-wave power to the sum of radiated
and surface-wave power, is reduced by more than a factor
of 2.5 compared with a conventional half-wavelength dipole
on the same substrate stack. This confirms the effectiveness of
the proposed electric-current-based approach for surface-wave
control across substrates with different permittivities.

The prototypes were characterized through full-wave simula-
tions and on-wafer measurements, demonstrating good agree-
ment. Far-field measurements validated the radiation behavior,
with broadside radiation and realized gains of approximately
5 dBi on silicon and 4 dBi on quartz. Furthermore, a reduction
of substrate coupling is experimentally demonstrated by 2-
ports measurements on-wafer. The proposed antennas remain
compact, occupying areas smaller than \2/4 on silicon and
A2/2 on quartz.

It should be mentioned that the proposed approach has sev-
eral limitations. First, the analytical design rule targets the
dominant TM, surface-wave mode; higher-order modes are
not explicitly canceled and may become relevant for thicker
substrates or higher frequencies. Second, exact cancellation
assumes a continuous cosine current distribution, whereas
the practical implementation using discrete series capacitors
realizes this distribution only approximately. Third, the can-
cellation condition depends on the TM, propagation constant
and therefore is intrinsically dependent on the substrate stack
and operating frequency. Finally, the achievable total efficiency
remains sensitive to substrate conductivity and metal loss, as
illustrated by the significant efficiency reduction obtained for
low-resistivity silicon.

The presented antenna concept provides an effective, compact,
and fabrication-friendly solution for single metal layer mm-
wave AoC and AiP applications, competitive with state of the
art solutions in terms of performances.



APPENDIX
A. Jackson’s Design Rule Derived with Our Method

Considering a magnetic current distribution following a
cosine along a ring of radius R, as given in [35], it can be

expressed as
M (p, ) = cos(a)d(p — R)éaq, (AD)

with p and « being, respectively, the radial coordinate and the
azimuthal angle in the spatial domain.

From (5) and using the duality principle, the power coupled
from any real-valued magnetic current to the TMy SW mode
can be shown to be proportional to a certain integral, using
I’Hopital’s rule, as

27
P in?()|J, (0, 2
T™O O</O (sm (~¢)| (¢, Brmo) |
+ cos?(9)[Jy (¢, Brmo)|*

— 2cos(¢) sin(¢)J» (¢, Brwo) Jy (¢, 5TMO)) do,

(A2)

with Svo the propagation constant of the TMy SW mode.

To cancel the power coupled from a magnetic current source
to the SW for a given material stack, it is possible to cancel
the ¢ integral in (A2). For the magnetic current distribution
of (Al), this leads to the following condition:

21
o:/ J2(BoR) sin®(2¢) sin®(¢)
0

+ (J3(BoR) + J3(BoRR) cos? (26)
—2Jo(BoR)J2(BoR) COS(2¢)) cos®(¢)
—9 (Jo (BoR)J2(Bo R) sin(2¢)

+ J3(BoR) sin(26) cos(26) )

x cos(¢) sin(¢) | de. (A3)

After evaluation of the trigonometric integrals, and using the
identity
Jo(z) = Jo(x) = =2J1 (),

one obtains the design rule for a ring of electric current:
Ji(BrmoR) = 0,

which is the same as given in [35].

(A4)

(A5)

B. Theoretical Gain of Ring Antenna in H-plane

The considered electrical current distribution in the lf‘ourier
domain, given in (10). By computing its projection on ¢ basis
vector as

¢ = —sin(¢)é, + cos(¢)éa, (A6)
one obtains

Jy=¢-J = —2mp J,(BR) cos ¢. (A7)

All the quantities have been defined in Section III-A.

By combining this expression with the spectral Green’s func-
tion of (1 1) one can show that the far field expression of the
radiated E oriented along qb in the H-plane is given by

j J. g~ Jkor
EFF,¢(05 <f>, T) = _2.777_(_ kz giqi) Ta

(A8)

with kg the free space wave vector of the air, k, its vertical
component, r the distance to the observer and 6 the elevation
angle. D g expression is given in (12). A similar expression
can be found in [39] for the case of a dipole antenna.

The gain in this polarization can finally be computed as

2
2 |EFF¢‘

Gy = 4nr ,
¢ 2770-P0ut

(A10)

where the expression of P,y is given in (5) while ng is the
free space impedance in vacuum.
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