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Slot coupled patch antenna in MCM-D for
millimeter wave detector matrix applications
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In this work we assess the feasibility of fabricating a matrix of antennas for the millimeter (mm)-wave band using the “Multi
Chip Module — Deposited (MCM-D)” process. The main focus of the design is to minimize the cross coupling between the
antennas fabricated on the common substrate. We investigate the use of a virtual cavity formed by metalized vias in
order to reduce the cross coupling to the neighboring cells. The radiation efficiency is analyzed in detail, and experimental

results of a 2 X 2 array are presented.
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. INTRODUCTION

Recently, a significant amount of work has been published
on millimeter (mm)-wave imaging systems. Although
many older systems use a row of detectors, mechanically
scanned, to capture the field in a 2D aperture [1], future
systems are more likely to use a full 2D detector matrix to
form the image [2, 3]. In this paper we investigate the use
of a coplanar waveguide (CPW) fed slot coupled patch
antenna fabricated using the low-cost thin film MCM-D
process [4] for an mm-wave detector matrix. The MCM-D
process used in the fabrication of antennas allows relatively
easy integration of these antennas with passive and active
elements, using the known flip-chip process. A previous
work on MCM-D shows the possibility of using this
technology in the mm-wave band [5]. Using a high resistive
silicon bulk, MCM-D allows fabrication of antennas with less
concern about the losses. However when it comes to an array
or a matrix of antennas, the main drawback of using a
common silicon bulk as the antenna substrate would be
the relatively high leakage to neighboring cells. To overcome
this problem we have investigated an approach to create a
virtual cavity below the antenna using metalized vias inside
the bulk.

The paper starts with a description on MCM-D antenna
fabrication in Section II. Next, in Section III, we analyze
the radiation efficiency in detail. Experimental results are
discussed in Section IV and conclusions are drawn in
Section V.
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. ANTENNA DESIGN

As the design of the mm-wave antenna array is strongly influ-
enced by the way it is implemented in the MCM-D process, we
will first elaborate on the construction, before detailing the
electromagnetic design process.

A) Technology and implementation

The MCM-D stacking consists of a highly resistive silicon bulk
(er =11.9, p> 9k cm, thickness = 100 wm) and three
metal layers isolated with two benzo-cyclobuten (BCB)
layers (er = 2.65, thickness = 4.5 wm). The top metal layer
is a stack of Ti/Cu/Ni/Au (o= 4.2E + 7 S/m, thickness =
5 wm), the second metal is a Ti/Cu/Ti layer (o= 5.8E + 7
S/m, thickness = 3 wm), and the bottom metal is aluminum
(0=13.7E+ 7 S/m, thickness =1 pm). One limitation of
this MCM-D process is the rather low accuracy of the BCB
thickness. Therefore the antenna has to be designed for an
extended bandwidth to compensate for the possible center fre-
quency shift caused by the fabrication. The possibility of intro-
ducing solder balls in this technology makes it an attractive
choice for flip-chip integration [6].

In terms of antenna implementation, the choice of technol-
ogy limits us to a patch antenna. Concerning the spacing
between the elements, 0.5A is commonly used to sample the
field in the imaging aperture, i.e. in [1].

As seen in Fig. 1(a), the patch antenna is constructed on the
top metal layer, and stands on a BCB layer on top of the
second metal layer. The second metal layer has been etched
in the area below the patch so the two BCB layers, above
and below it, can be united constructing a thicker substrate
for the antenna. This simply allows a wider bandwidth.
However in this topology by omitting the second metal
layer, one is left with only one metal layer to construct the
feed and the slot. A common solution to this limitation is to
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fabricate a CPW fed slot on the lower metal layer (see
Fig. 1(a)).

The CPW feed facilitates the measurement process to be
performed using Ground-Signal-Ground (GSG) probes on a
probe station connected to a network analyzer. One critical
point in the antenna design process is the transition from the
GSG pad located on the top metal layer to the CPW line in
the lower metal layer. This transition has been modeled and
simulated separately to allow an optimum performance, see
Fig. 1(b). A GSG configuration simplifies the integration of
the antenna with other active and passive elements using the
flip-chip process [6].

B) Design considerations of the 2 X 2 array

To reduce the surface wave leakage through the BCB layers,
we have introduced slot rings around the patch substrate on
the metal layers. However, the fact that the feed slot directly
sits on the bulk will lead to wave leakage into the common
bulk where shielding is relatively difficult. To study the
effect of wave leakage inside the silicon bulk two different
antennas are designed, one with no shielding inside the bulk
and another with metalized vias inside the silicon bulk. The
metalized vias form a virtual cavity that confines the fields
and leads to lower cross coupling, see Fig. 2.

The slot matching is achieved by tuning the dimensions of a
dog bone slot. Other matching techniques, i.e. using an extra
section of a transmission line, are also possible [7].
Furthermore, the CPW line has been modified in the area
below the patch. This is to compensate for the change of the
line impedance where the line reaches the area under the
patch. The second metal layer that is partially removed in
the area around the patch is also etched on the area above
the CPW feed. Entire removal of this layer is not possible
and will violate the metal density rules, i.e. there is a limit to
the minimum amount of metal coverage on each metal layer.
An image of the fabricated 2 x 2 matrix is shown in Fig. 3.

In terms of electromagnetic design, the HESS full-wave
solver has been used to simulate the antenna. In order to
model the infinite/large substrate effect, perfect matching layer
boundaries are applied to borders of the bulk and the patch
substrate (e.g. the BCB layers). Therefore the simulation
conditions resemble a single antenna on an infinite bulk.
During the design process a single patch antenna has been simu-
lated, but a final verification was performed ona 2 x 2 structure.

Patch, on top metal
layer (Copper)

BCB layers

Second metal
layer (copper)

Lower metal laver
(Aluminum}

CPW & Slot feed HR-S1i Bulk

(a)

HR-81 with Bulk Vias

Fig. 2. The patch antenna including silicon bulk vias.

. RADIATION EFFICIENCY

The radiation efficiency of antennas in thin film processes is
usually a critical issue [8]. This is mainly caused by the high
intensity of the electrical field in the thin dielectric substrate,
which in turn contributes to a high surface current in the
rather thin metal layers and eventually an increase in conduc-
tor losses.

By definition the radiation efficiency is the power radiated
to the power accepted at the input port. One can rewrite the
radiation efficiency formula as [5]:

P,
P, +Pc+ Pp+ Psr’

n (1)

P, is the radiated power where P and Pp, are the conductor
and dielectric losses, respectively. Pgyy is the power dissipated
in surface waves traveling along the substrates. We now assess
the relative contributions of the various losses to the radiation
efficiency by evaluating them with realistic values based on
our design case. To keep the calculations reasonable, we con-
sider a single antenna on an infinite bulk substrate.
Pc and Pp, are expressed with the formulas below [5]:

o Wr

PC:2

GSG PAD

BCB layers with
metalized via holes

CPW on lower

4— metal layer

(b)

Fig. 1. (a) The patch stacking, by which the second metal layer has been removed around the antenna and CPW feed to allow the combination of the two BCB
layers into a single thick substrate for the patch. (b) The feed structure from the top metal layer to the lower CPW line on the first metal layer.
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Fig. 3. A microscopic photo of the fabricated 2 x 2 array antenna (cell size is
1.8 X 1.8 mm).

Pp = w tan Wy, (3)

where Wy is the energy stored in the antenna at resonance, h
stands for the substrate height, f for the frequency, and w for
the angular frequency. Moreover tan 6, stands for the dielec-
tric losses, whereas o, is the metal (copper) conductivity.

By substituting realistic values, relevant to our design
(tan 6 = 5e — 4, h = 12 pm), we arrive at Pc~ 35Pp. The
high conductor losses can be explained by the patch’s rela-
tively thin dielectric substrate. By looking at (2) we observe
that conductor losses increase with a decrease in dielectric
thickness. Even with the combination of the two available
layers, as described in Section II, the thickness would not
exceed 12 pm.

Furthermore, we can see that both losses increase pro-
portional to the maximum energy stored in the antenna
which on its turn is directly related to the dielectric constant
[9].

Since the dog bone slot sits directly on the silicon bulk, two
elements will contribute to the Pgyg. First we have the surface
waves excited in the patch’s BCB substrate, Psyr_pcp, and sec-
ondly we have the surface waves traveling inside the silicon,
Psur_st:

Psur = Psur_gcs + Psur_sr- (4)

According to the study in [10], as long as the thickness
satisfies,

h 0.3
/\—0 =< (5)

_277_\/5,

the surface wave losses will be negligible in comparison to the
conductor and dielectric losses. For our case this is true for the
Psyr_pcp term in (4), while it does not stand for the Pgyr o
term, as the bulk thickness is 100 pwm. Here we observe
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another advantage of bulk vias, namely in blocking the propa-
gation of surface waves and therefore possibly contributing to
improved radiation efficiency. The radiation efficiency calcu-
lated using HFSS is roughly 18% for the antennas on a
normal bulk, whereas this value shows an increase, to 25%,
for the antennas created over a virtual cavity. To calculate
the total power carried away by surface waves inside the sub-
strate (e.g. Psur_s1), We can evaluate the Poynting vector inte-
gral on the edge boundaries of the substrate. This calculation
reveals that, Psyr_sr decreases from 0.44 to 0.26 W by introdu-
cing the virtual cavity. The Poynting vector calculations are
done for 1 W incident power at 100 GHz. Although this
reduction is considerable, it does not contribute as much to
an increase in efficiency. This can be explained by the
increased conductor losses caused by higher electrical field
intensities. To validate this we have integrated the conductor
losses over the surface of Metal 1, i.e. the lowest metal layer
that sits directly above the cavity. By adding the cavity, con-
ductor losses on this metal layer showed an increase from
0.08 to 0.21 W.

V. RESULTS

A number of 2 x 2 arrays have been fabricated. Below we
present a summary of the return loss and isolation measure-
ments followed by the radiation pattern simulations.

A) Return loss and isolation

To measure the return loss and insertion loss of two front
facing antennas, a probe station connected to a vector
network analyzer is used. The return loss, S,,, of both
designs, ie. with and without bulk vias, is measured and
compared with the simulated results in Fig. 4. Apart from
the frequency shift of the measured results, there is also a
slight shift (from 100 GHz target design center) present in
the simulations results. This is simply because of the fact
that the simulated results presented here are from the 2 x 2
array antenna, whereas during the design process a single
antenna on an infinite bulk has been optimized to operate at
100 GHz. The main reason for this is the huge meshing
requirement of the 2 x 2 array calculations that would not
allow simulations to complete in a reasonable time.

The measured return loss shows a slight shift compared to
the original design. As explained in Section II, the detuning of
the patch center frequency was expected to be present and is
attributed to the limited accuracy of the BCB thickness. In
this specific process run, the thickness of the second BCB
layer varies from a minimum of 7.5 um to a maximum of
9.5 m, with a target of 8.5 um. We also observe that there
is no difference in terms of return loss between the antenna
array with and without bulk vias. The reported —7 dB band-
widths for microstrip fed rectangular patches in MCM-D |[5]
are 2.9 and 3.7% at 82 and 79 GHz, respectively, whereas the
bandwidth achieved in this study (—10dB, centered at
98 GHz) is 6.1% for antennas on normal bulk and 7.8% for
antennas with bulk vias.

The measured and simulated cross coupling, S,,, is pre-
sented in Fig. 5. The isolation presented here is for the
worse case (front facing antennas) where the radiation edges
of the two patches are parallel to each other. As clearly seen
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Fig. 4. Comparison of measured and simulated return loss of the 2 x 2 antenna array with and without bulk vias.
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Fig. 5. Comparison of measured and simulated isolation between two front facing antennas both with and without bulk vias.
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Fig. 6. Simulated radiation patterns of a single element in a 4 x 4 array (normalized to maximum value) in E-plane (phi = o) and in H-plane (phi = 9o) (referring
to axis definitions in Fig. 1): (a) for the antenna without bulk vias and (b) for the antenna with bulk vias.
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on Fig. 5 the antennas with shielding vias inside the substrate
show an average of 10 dB improved isolation performance.

B) Radiation patterns

Radiation pattern measurement at 100 GHz, with a reasonable
accuracy, is extremely challenging and scarcely available.
Knowing that the accuracy of the solver has been verified by
return loss measurements, it would not be unreasonable to
rely on the simulated results for the radiation patterns. The
normalized radiation patterns of both antennas are presented
in Fig. 6. The co-polar element, E-theta in phi = 0°, and E-phi
in phi = 907, are plotted for both antennas (for the axis defi-
nitions refer to Fig. 1). The simulated results are for a single
antenna inside a 2 x 2 array on an infinite bulk, i.e. only
one antenna port is excited and the other ports are terminated
by 50 ). By introducing substrate vias we intend to reduce the
cross coupling and loading of adjacent cells, while also to
improve the pattern performance caused by presence of
neighboring antennas. As clearly seen in Fig. 6 the radiation
pattern of the antenna with substrate vias shows no nulls in
E-plane while the other one has a null at 75°. The presence
of this null can be attributed to the current excitation on the
edge of the front facing antenna. By confining the bulk
fields inside the virtual cavity, we can avoid the excitation of
the front facing antenna. By using the substrate vias we
managed to achieve a uniform radiation pattern similar to a
single patch antenna (see Fig. 6(b)).

As these antennas are aimed for an mm-wave imaging
system, we focused on a single linear polarized element.
Clearly seen in Fig. 6(b), the cross-polar component is well
below the co-polar one indicating a linearly polarized antenna.

Here another advantage of the virtual cavity becomes
evident. Namely the reader must keep in mind that this is
a matrix of antennas rather than an array, and therefore the
performance of each single element is of interest.

V. CONCLUSIONS

The MCM-D process has been studied to fabricate patch
antennas operating at 100 GHz for mm-wave detector
matrix applications. Combining the two dielectric layers avail-
able in this technology, we have managed to gain an accepta-
ble performance both in terms of bandwidth and efficiency.
Using silicon bulk vias, we have managed to reduce the
cross coupling between different elements. We also managed
to obtain an improved radiation pattern. This increases the
applicability of this technology for matrix applications
where reducing the interference between neighboring cells is
of critical importance. A study on the efficiency shows that
the dominant reduction is caused by the thin patch substrate
contributing to high metal losses. We would suggest other
variations of MCM-D (e.g. similar to [11]) with thicker BCB
layers for future investigations.
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