Switched-Beam Endfire Planar Array With
Integrated 2-D Butler Matrix for 60 GHz Chipto-Chip Space-Surface Wave Communications
Prabhat Baniya, Student Member, IEEE, and Kathleen L. Melde, Fellow, IEEE

Abstract—A 2-D Butler matrix feed network is designed,
implemented, and integrated with a 60-GHz 2 × 2 circular
patch planar array for chip-to-chip communications. The realized
antenna module is a thin multilayer microstrip structure with
a footprint small enough to fit over a typical multicore chip.
The network enables end-fire (azimuthal) scan of the array main
beam in the four diagonal directions, which is demonstrated for
the first time here. The antenna module provides a seamless and
practical way to achieve reconfigurable interchip communication
in multicore multichip (MCMC) systems. A hybrid space-surface
wave interconnect is proposed that takes advantage of surface
wave coupling. The matrix is a four input, four output i.e.,
4 × 4 network consisting of four interconnected quadrature (90◦ )
hybrid couplers. A multi-antenna module (MAM) consisting of
five antenna modules that emulates diagonal interchip communication in MCMC systems is fabricated. The simulation and
measurement of transmission coefficients between the antenna
modules on the MAM are performed and compared.
Index Terms—60 GHz antenna, Butler matrix, chip-to-chip
antenna, circular patch, interchip, multicore multichip (MCMC),
planar array, reconfigurable, switched beam.

I. I NTRODUCTION

R

ECONFIGURABLE interchip communication in multicore multichip (MCMC) computing systems can be
achieved through the use of millimeter wave (mmW) switchedbeam antenna arrays connected to CMOS chip routers [1], [2].
Traditionally, the mmW antennas have been used to provide
high speed wireless interconnection between the chips to solve
the wiring complexity problem in such systems [3]–[7]. The
wireless interconnects require the use of transceivers and
beamforming networks (BFNs) along with the antennas for
data transfer [6], [7]. Beamforming using solid-state phase
shifters is not practical at mmW frequencies due to high loss
[8]. Pattern reconfiguration at 60 GHz by simply switching
array elements on and off has been proposed in [9]. The loss
in the switch network will depend largely on the type and
number of switches used [10], [11]. Alternatively, the Butler
matrix and the Rotman lens have been extensively used as
BFNs for linear arrays at 60 GHz [12]–[17]. The BFNs still
require one single-pole n-throw (SPnT) switch.
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The scan coverage of an array is determined by the type of
the array used [18]. A linear array is capable of only 180◦ scan
coverage using the traditional (1-D) Butler matrix [13]. On
the other hand, a planar array can provide 360◦ scan coverage
and is better suited for the chip-to-chip communications in
all eight directions [1], [2]. A planar array can be fed by the
2-D Butler matrix, as proposed here, which is a combination
of two 1-D Butler matrices. In [19], an eight beam end-fire
scanning array using magneto-electric (ME) dipole elements
with the 1-D Butler matrix has been demonstrated but the
angular coverage is limited to 180◦ . A BFN based on the 1-D
Butler matrix with stacked-patches that scans in two planes
is presented in [20] but for broadside scanning. A substrate
integrated waveguide (SIW) implementation of the 2-D Butler
matrix with a ME dipole planar array is presented in [21] but
also for broadside scanning.
In this letter, the 60-GHz circular patch planar arrays with
integrated 2-D Butler matrices are proposed to provide both
the space and surface wave interconnection. The antenna
modules have four diagonal end-fire beams with significant
surface wave excitation which helps to increase the power
coupling between the chips and improve signal power at large
distances. Finally, a link decomposition technique to quantify
the relative contribution of space and surface waves is applied.
II. H YBRID S PACE -S URFACE WAVE I NTERCONNECT
The antenna array and feed network at 60 GHz can be made
small enough to fit over a multicore chip of a typical size [22]
with little to no area overhead and ultimately minimize the
chip-to-chip distances, as illustrated in Fig. 1. The arrays must
provide communication over these distances, usually several
tens of millimeters. Fig. 2 shows how the antenna module can
be packaged (surface mounted) over the CMOS chips (which
has integrated transceivers and multiple cores). The chips are
BGA mounted on the board. By matching the layout and
arrangement of the antenna modules to the chips underneath,
the substrates and ground planes of each antenna module can
be connected together to form an interconnect layer parallel
to the PCB board/chips and thus take advantage of the surface
wave coupling in addition to the space wave coupling. The
SPnT switch can be flip-chip (C4) attached to the feed layer.
The transceivers serialize/deserialize the data to be exchanged,
and provide the 60 GHz modulated/demodulated signals for
transmission/reception by the antennas [23].
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Fig. 1. The antenna modules are packaged on top of multicore CMOS chips.
The antenna arrays provide switchable beams in the horizontal plane for
reconfigurable chip-to-chip communications [1], [2].
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Fig. 2. Detailed side view of Fig. 1 showing the hybrid space-surface wave
interconnect for 60-GHz chip-to-chip communications. The multilayer antenna
modules are surface mounted on the PCB board over the chips [2].

Figs. 1 and 2 depict how the antenna arrays can be used for
interchip communication [1], [2]. The communication is done
through the hybrid interconnect layer. Note that in order for
a module (e.g., E in Fig. 1) to communicate to all its eight
adjacent neighbors (only four shown), the array should provide
eight beams (i.e., 360◦ angular coverage in 45◦ steps). A
simpler case of beam scanning in only the diagonal directions
with four beams (360◦ angular coverage in 90◦ steps) is
demonstrated here for the first time. Interchip communication
in the diagonal directions can reduce the average hop count
and latency in the network [24].
III. 2-D B UTLER M ATRIX FOR P LANAR A RRAY
A. Working Principle of 2-D Butler Matrix
The four input four output (4 × 4) 2-D Butler matrix with
a 2 × 2 planar array is shown in Fig. 3. It provides four
switchable diagonal beams in the azimuth plane (end-fire). The
interelement phase shifts βx and βy in the x- and y-directions,
respectively, required to have the main beam of the planar
array [1], [2], [25] sweep along the four diagonal directions
i.e., φ0 = 45◦ , −45◦ , 135◦ , and −135◦ in the azimuth plane
(θ0 = 90◦ ) are given in Table I.
The 4 × 4 2-D Butler matrix consists of four quadrature
(90◦ ) hybrid couplers interconnected to provide a specific
phase difference between the output signals for each input
excitation. Note that the proposed matrix does not require the
use of crossovers and 45◦ phase shifters. Let us consider the
case when port 1 is excited. Fig. 3 shows the signal flow
graph. For port 1 excitation,
the two
√
√ arms of the right coupler
produce signals√−j/ 2 and −1/ 2 at the coupler output.
The signal −j/ 2 from the bottom arm is further split by the
bottom coupler√into signals −1/2 at a4 and j/2 at a3 while
the signal −1/ 2 from the top arm is further split by the top

Transceiver
Fig. 3. 4 × 4 2-D Butler matrix for planar array (360◦ angular coverage in
90◦ steps). The SP4T switch enables electronic scanning of the array main
beam by connecting one of the Butler matrix inputs to the transceiver [2].
TABLE I
I NTERELEMENT P HASE S HIFTS R EQUIRED FOR M AIN B EAM F ORMATION
IN THE A ZIMUTH P LANE [1], [2]
Port

φ0

βx

βy

1

+135◦

+90◦

−90◦

2

−135◦

+90◦

+90◦

3

+45◦

−90◦

−90◦

4

−45◦

−90◦

+90◦

coupler into signals j/2 at a2 and 1/2 at a1 . This effectively
achieves βx = +90◦ and βy = −90◦ , and produces the main
beam along φ0 = +135◦ (see Table I). Each input port is
isolated from the other and there is equal power division at
the output ports.
B. Microstrip Implementation of Butler Matrix
The Butler matrix is realized as a feed layer (illustrated in
Fig. 2) on a Rogers RO4450F prepreg (r = 3.52, tan δ =
0.004) [26]. The middle ground plane helps to minimize
interference by blocking antenna radiation into the feed layer
and CMOS circuits underneath. The 3-D model of the Butler
matrix created in high frequency structural simulator (HFSS)
is shown in Fig. 4(a). The feed layer resides below the ground
plane (hidden). The 100 Ω microstrip lines are used to realize
the hybrids [12]. The input and output ports are labeled in
Fig. 4(a) and have impedances of 100 Ω and 50 Ω respectively.
The input ports i = 1 to 4 must be later transformed to 50 Ω
for probing (see Section IV). The output ports j = 5 to 8 were
transformed to 50 Ω using quarter-wave lines so that they can
be matched to 50 Ω antenna elements. The vias at the output
ports, each have diameter af of 0.15 mm and serve to feed
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Fig. 4. (a) 3-D model of the 4 × 4 2-D Butler matrix. (b) Transmission
coefficients and interelement phase shifts (βx1 )1 , (βx2 )1 , (βy1 )1 and (βy2 )1
at the matrix output when port 1 is excited.
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the elements. They are separated by distance d = 1.86 mm
[1], [2].
The S-parameters of the Butler matrix are obtained by
performing full wave simulation in HFSS. The simulated
reflection coefficient magnitude (|Sii |) of the Butler matrix
for all identical input ports i is −28 dB at 60 GHz and less
than −10 dB across the band (56–67 GHz) indicating a broad
impedance match. The transmission coefficients (|Sji |) from
input port i = 1, to output ports j = 5 to 8, shown in Fig. 4(b),
are not equal due to uneven losses. The interelement phase
shifts (βx )i and (βy )i for port i excitation can be derived from
the phase difference between the transmission coefficients as
follows.
(
(βx1 )i = (βa2,1 )i = (β87 )i = 6 S8i − 6 S7i
(βx )i =
(1)
(βx2 )i = (βa4,3 )i = (β56 )i = 6 S5i − 6 S6i
(
(βy1 )i = (βa2,4 )i = (β85 )i = 6 S8i − 6 S5i
(βy )i =
(2)
(βy2 )i = (βa1,3 )i = (β76 )i = 6 S7i − 6 S6i
For port i = 1 excitation, the interelement phase shifts
(βx1 )1 , (βx2 )1 , (βy1 )1 and (βy2 )1 are plotted in Fig. 4(b).
At the design frequency of 60 GHz, it can be seen that
(βx1 )1 ≈ +85◦ , (βx2 )1 ≈ +90◦ , (βy1 )1 ≈ −90◦ , and
(βy2 )1 ≈ −85◦ . This matches the expected values in Table I
within a small ±5◦ margin. Moreover the phase shifts are
maintained over a wideband.
IV. PACKAGING OF M ULTILAYER A NTENNA M ODULE
The selection of the antenna element is driven by the need
to maximize horizontal (end-fire) radiation. The 2 × 2 planar
array of center fed circular patches with side vias introduced in
[1] serves this purpose well. The top (antenna) layer of the 3-D
model in Figs. 5(a) and (b) shows the array. The interelement
separations, dx and dy are both fixed at d = 1.86 mm. The
ground plane size is 12.34 mm × 14.6 mm but the substrate
is extended by 1.27 mm on all sides to meet the copper edge
clearance requirement for fabrication. The diameters of the
center feed via af and four side vias as are 0.15 mm each

(b)

(c)

Fig. 5. 3-D model of the multilayer antenna module. (a) Side view. (b) Top
view. (c) Simulated horizontal gain patterns (dB) at 60 GHz: Port 1 (φ0 =
+135◦ ), Port 2 (φ0 = −135◦ ), Port 3 (φ0 = +45◦ ), Port 4 (φ0 = −45◦ ).

and the side vias are located at radial distance b = 0.67 mm
from the patch center [1]. The antenna layer is printed on a
Rogers RO4003C dielectric core (r = 3.55, tan δ = 0.0027)
[27]. The prepreg containing the Butler matrix (feed) layer
is then stacked and bonded with the core. The ground plane
is sandwiched between the feed and antenna layers. This
integrates the Butler matrix of Fig. 4(a) with the array. The
realized multilayer antenna module, in Figs. 5(a) and (b), is
suitable for an antenna-in-package implementation with the
CMOS chips [28]–[31]. The prepreg and the core each have
thickness h = 0.2 mm with 35 µm copper finish.
To transform the input port impedance, conductor backed
coplanar waveguide (CB-CPW) to microstrip (MS) transitions
are augmented at the input of the Butler matrix, as shown in
Fig. 5(b). The 100 Ω microstrip lines are transformed to the
50 Ω CB-CPW lines by linearly tapering the width and the gap
of the interconnecting lines. The side and back traces of each
CB-CPW pad are grounded by using three laser vias. The CBCPW inputs are individually excited to switch the main beam
of the module. The simulated insertion loss of the transition is
1 dB at 60 GHz (see Fig. 4(b)). Each port excitation attains a
combination of interelement phase shifts given in Table I and
produces a main beam in one of the four diagonal directions.
The beam switching can be seen in the horizontal gain patterns
(θ = 90◦ ) shown in Fig. 5(c). The antenna module has an
end-fire main beam with a peak gain of 5.3 dBi at 60 GHz
along the diagonal directions (φ0 ). This gain is with the Butler
matrix and CPW transitions included. The highest side lobe
level (SLL) is 1.3 dBi. With mutual coupling ignored, the SLLs
can be 10 dB below the peak for a uniformly excited 2 × 2
isotropic planar array at the given d [1]. In practice, the SLLs
could be reduced by tapering the amplitude distribution at the
array feed [25]. The total radiation efficiency of the module is
76% at 60 GHz. The pattern in Fig. 5(c) is more asymmetric
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than the array pattern in [1] due to uneven losses in the matrix.
V. C HIP -T O -C HIP C OMMUNICATION IN MCMC S YSTEMS
A. Antenna Modules in MCMC System
To emulate the chip-to-chip communication scenario of
Fig. 1, five antenna modules were put together to form a
larger multi-antenna module (MAM), as shown in Fig. 6. The
modules are separated by a small interchip diagonal distance of
R = 20 mm. All antenna modules are identical to the module
in Fig. 5(b). The substrates and ground planes of each module
are connected together to form an interconnect layer (with
a larger common substrate and ground plane). This allows
surface wave coupling to occur between the antenna modules
[32]–[34], and improve interchip transmission.
Many pairs of chips are expected to communicate concurrently in MCMC systems. Consider the beam configuration
shown in Fig. 6, which is representative of a concurrent
communication between several chips. The ports (indicated
by red arrows) are excited on antenna modules E and C so
that their main beams point at one another. Thus the pair E–C
is referred to as the communicating pair. At the same time, the
ports on modules A, G and I are also excited so that their main
beams point towards neighboring modules other than module
E (consider the MAM in Fig. 6 is larger and has more modules
around it). The radiation from A, G and I in the direction of
E contribute to interference and vice versa. The goal is to
maximize the radiation between E–C (communicating pair)
while minimizing it between E–A, E–G and E–I (interfering
pairs). The overlaid gain patterns show the differences in the
radiation coupling between the pairs.
B. Reflection and Interchip Transmission Coefficients
The fabricated PCB prototype of the MAM with the measurement setup is shown in Fig. 7(a). The simulated and
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Fig. 8. Measured and simulated transmission coefficients (dB) between the
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measured reflection coefficients at one of the CB-CPW inputs
of an antenna module are shown in Fig. 7(b). The measurement
was made using 250 µm pitch GSG probes. The feed layer
is facing up to allow for probing. The antenna layer faces
down on a thick foam platform (no metal chuck underneath).
The dielectric constant of foam is close to one, and it should
only cause minor perturbation in the measurements [35], [36].
The measured reflection coefficient curve is shifted higher in
frequency but other than that, a good agreement with the simulated curves is seen. The measured and simulated impedance
bandwidths are 7.57 GHz and 9.75 GHz respectively, using
the |S11 | ≤ −10 dB criterion.
The transmission coefficients between E–C, E–I, E–A, and
E–G were measured and simulated. The results in Fig. 8 show
that the transmission |SCE | for the communicating pair E–C
is generally higher than the transmission |SIE |, |SAE |, and
|SGE | for the interfering pairs E–I, E–A and E–G across the
band, for both measured and simulated values respectively.
The differences in the levels of |SCE |, |SIE |, |SAE |, and
|SGE | are due to differences in the gain (i.e., main, back and
side lobes) of E in the direction of C, I, A, and G. The main
lobe level must be maximized while minimizing the back and
SLLs in order to optimize the signal-to-interference ratio. A
sensitivity analysis of the MAM with respect to the antenna
parameters af , as and b was performed to take manufacturing
tolerances into account [1]. With af = as = 0.17 mm and
b = 0.64 mm, the simulated |SCE | (attainable) in Fig. 8(a)
agrees much better with the measured curve. The space wave
component of the simulated transmission for the attainable

case was estimated by performing another simulation of the
MAM but after removing the intervening substrate and ground
plane. The surface wave component can then be determined
by subtraction [37]. As shown in Fig. 8(a), the surface waves
have helped to increase transmission below 60 GHz.
VI. C ONCLUSION
A 2-D Butler matrix integrated with a 60-GHz 2 × 2 circular
patch planar array is demonstrated. The antenna module provides four switchable diagonal end-fire beams. A hybrid spacesurface wave link is used for chip-to-chip communications.
Five antenna modules are put together as the MAM to emulate
interchip communication scenario in the MCMC system. The
transmission between the communicating pair is higher than
the interfering pairs. The surface waves in the link were shown
to improve transmission below 60 GHz.
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