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Abstract—The link model of switched beam horn arrays at 60
GHz based on the substrate integrated waveguide (SIW) tech-
nology with 360◦ angular coverage is presented. Each array has
eight identical printed horn elements. The elements are oriented
45◦ relative to one another and can be individually excited
to produce eight endfire beams in the horizontal plane. The
over-the-air (OTA) transmission coefficients are measured and
simulated between two arrays, in the line-of-sight (LoS) and non-
LoS (NLoS) directions. The phase centers (PCs) of the excited
elements are determined from post-processing optimization of
simulated far-fields and incorporated in the Friis equation to
accurately model the transmission.

I. INTRODUCTION

Switched beam antennas at 60 GHz can provide multi-Gbps
reconfigurable wireless communication at short range. They
are low profile and small enough to be chip-integrated, al-
lowing wireless interconnection between chips on a multichip
module (MCM). The switchable beams provide one-to-many
dynamic links between a chip and its surrounding neighbors
[1]. Fixed beam antennas have been designed to establish static
wireless links [2], [3] between chips. Their use is limited in
the MCMs where connections between chips in many different
directions need to be individually and dynamically established.
Switched beam arrays have been demonstrated in [4]–[6] but
without the full 360◦ coverage. In order to maximize signal
and minimize interference, each beam should have high gain in
its line-of-sight (LoS) direction and low gain in the non-LoS
(NLoS) directions. In this paper, the Friis equation is used
to accurately model the transmission between two switched
beam substrate integrated waveguide (SIW) horn arrays in the
LoS and NLoS directions, by considering the effect of the
phase centers (PCs) [7]. The PC of an antenna is the point
from which the radiation spreads spherically outward. The PC
varies with angular section of the radiation pattern. The PCs
are found from simulation and utilized in the Friis equation to
model the over-the-air (OTA) transmission.

II. SWITCHED BEAM SIW HORN ARRAYS

Fig. 1 shows the switched beam SIW horn array con-
sisting of eight identical printed horn elements oriented 45◦

relative to one another [8], [9]. Each element can be indi-
vidually excited to produce eight endfire beams (i.e., φ0 =
0◦,±45◦,±90◦,±135◦, 180◦) in the horizontal plane, provid-
ing full 360◦ coverage. The array is targeted for use in chip-to-
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Fig. 1. 3-D model of the switched beam SIW horn array with integrated feed
and 60 GHz 3-D gain pattern. All dimensions are in mm [8].

chip communications where each chip communicates with its
eight neighbors [1]. As shown in Fig. 1, there are periodic
metal strips with gradually increasing gaps and decreasing
widths, on the flaring of the horn elements, printed on a 0.8
mm thick Rogers RT/duroid 5880 substrate (εr = 2.2, tan δ =
0.0009). They serve to improve both the impedance and gain
bandwidth. The flaring is quadratically tapered over the length
to reduce the overall aperture reflections. The leaky-wave
radiation from the strips improve the LoS gain while reducing
the NLoS gain [10]. The via walls improve isolation between
the elements since the ratio p/d < 2, where p and d are
the via period length and diameter, respectively. The leakage
losses are minimized and interelement coupling is reduced.
The elements are fed through the conductor backed coplanar
waveguide (CB-CPW)-to-SIW transitions [8]. Most of the
radiation of the array is vertically polarized (Eθ).

III. MEASUREMENT, SIMULATION, AND MODELING

The fabricated PCB prototypes of the SIW horn arrays
with the measurement setup are shown in Fig. 2. The OTA
transmission coefficient (|S21|) measurements are made in the
LoS (φ = 0◦) and a NLoS (φ = 45◦) directions by landing
250 µm pitch ground-signal-ground probes on the CB-CPW
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pads. The arrays are placed on a thick foam platform as it
emulates air and separated center-to-center by 87.4 mm.
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Fig. 2. Fabricated SIW horn arrays set up for OTA measurements.

For the LoS case, the probed horn elements of the two arrays
are directly facing one another and their axes are aligned. The
measured and simulated LoS |S21| i.e., |SLoS| are shown in
Fig. 3(a). For the NLoS case, the axes of the probed horn
elements make an angle of 45◦ at the center of array 1. The
NLoS |S21| i.e., |SNLoS| are shown in Fig. 3(a). The simulated
results are obtained by performing full-wave simulation of the
two arrays in High Frequency Structural Simulator (HFSS).
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Fig. 3. (a) Measured, simulated, and model transmission coefficients (dB).
(b) Simulated Eθ peak phase difference.

The Friis equation can be used to model the |S21| in a
specific direction, given the angle-dependent realized gains
G1(φ1) and G2(φ2) of the two antennas as follows [11]:

|S21|2 =

(
λ

4πRa

)2

G1(φ1)G2(φ2) (1)

where λ is the free-space wavelength, φ1 and φ2 are the angles
made by the elements’ axes with the line joining their PCs,

and Ra is the distance between the PCs of the two elements,
as shown in Fig. 2. The PCs are found from post-processing
optimization of the full-wave simulation results of an array.
The PCs for the LoS case is found by minimizing the peak
phase difference (acceptable up to 22.5◦) of Eθ within the
3-dB beamwidth angular range (i.e., −40◦ ≤ φ ≤ 40◦)
of the main beam (in the horizontal plane), at most of the
frequencies [see Fig. 3(b)]. This resulted in Ra = 62.7 mm,
and φ1 = φ2 = 0◦. For the NLoS case, the PC of element 2 is
the same as the LoS case (relative to its array center, see Fig. 2)
while the PC of element 1 is found by minimizing the peak
phase difference within a new angular range 35◦ ≤ φ ≤ 55◦

[see Fig. 3(b)]. This resulted in Ra = 58.7 mm, φ1 = 54◦, and
φ2 = 9◦. Next, G1(φ1) and G2(φ2) are obtained directly from
the HFSS simulation of the array. The Friis model results are
included in Fig. 3(a) and show good agreement with measured
and simulated results. The Friis model reduces computational
memory and time since it only requires a full-wave simulation
of a single array for link modeling in any direction. Only the
post-processing optimizations (computationally simpler) are
additionally needed to find the PCs (i.e., Ra, φ1, φ2) for each
direction of interest.
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