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ABSTRACT On-chip millimeter-wave interconnects are becoming crucial for advancing on-chip and
inter-chip transmission technologies, improving transmission efficiency and system scalability, especially
in Wireless Network-on-Chip (WiNoC) and chip-scale 2.5D and 3D integration. However, due to the
inherent limitations of on-chip integration related to antenna size and microfabrication compatibility. On-
chip wireless channels often necessitate the use of compact, planar antennas. These antennas typically suffer
from limited transmission gain, lack of beam control, and poor interference immunity, posing challenges
to the reliability and versatility of millimeter-wave interconnects. This paper presents a 1-bit digital-coding
metamaterial to address these challenges. The metamaterial features a 3 x 5 tunable unit-cell array, with
each cell switchable between the 0’ or ’1’ state with a distinct refractive index. The refractive index
distribution within the unit cell array can be controlled through different binary coding sequences to
manipulate the electromagnetic waves and achieve different transmission functions. When integrated with
an on-chip dipole antenna, the metamaterial can achieve adjustable beamsteering in the range of + 40°,
3.3 dB transmission gain enhancement, 90° beam splitting, and efficient energy attenuation. The proposed
digital-coding metamaterial allows precise control and reconfiguration of the wireless signal distribution
on silicon, significantly enhancing the flexibility, efficiency, and scalability of on-chip millimeter-wave
communications.

INDEX TERMS Electromagnetic metamaterial, beamsteering, millimetre-wave, intra-chip interconnects,
wireless network-on-chip, interference, digital-coding metamateiral, antennas and propagation.

I. INTRODUCTION Networks-on-Chips, the wireless data transfer between two

The rapid advancements in semiconductor technology have
paved the way for increasing the integration and minia-
turisation of electronic components. Conventional wired
interconnects face significant challenges, including increased
power consumption, latency, and area overhead due to
parasitic capacitance and inductance. Integrated wireless
interconnects offer a promising solution to these issues by
using micro-antennas and transceiver modules to transmit
and receive signals via electromagnetic (EM) wave propa-
gation within the silicon chip. Their advantages have been
demonstrated in multiple fields of application. In Wireless
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distant nodes can significantly reduce hop counts and overall
transfer delay compared with a pure wired architecture [2],
[3], [4]. In wireless clock distribution networks, the average
clock delay, power consumption and maximum clock skew
are noticeably reduced compared with conventional H-tree
clocks [18], [19]. In heterogeneous 2.5D and 3D integration,
wireless interconnects help to reduce the wiring complexity
and integration cost [13], [27].

On-chip antennas are typically designed and fabricated
on the top metal layer of modern CMOS processes or
within the metal interconnect layer of silicon interposers [7],
[12], [18]. Due to these integration constraints, most on-
chip millimeter-wave antennas are implemented as planar
patches [11], [23], [26], monopoles [1], [6], [13], inverted-F
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[10] and dipole structures [14], [15], [16], which exhibit
omnidirectional or low-directivity radiation patterns. On-
chip millimetre-wave interconnects based on low-directivity
antennas typically carry broadcasting transmission mode.
Figure 1(a) presents the schematic design of a broadcasting
intra-chip interconnect that features broad transmission
coverage; each transmitter antenna can effectively cover a
large chip area with minimal signal dead zones. Broadcasting
interconnects are particularly suitable for applications such
as wireless clock distribution networks [18], [19]. However,
the simultaneous activation of multiple transmitters can
lead to significant signal interference due to overlapping
radiation regions. Broadcast interconnects often employ a
token-passing-based medium access mechanism to avoid
interference [3], [5], but this approach increases transmis-
sion delay and reduces the efficiency of wireless medium
utilisation.

High-directional antennas offer an effective solution
to reduce interference caused by overlapping radiation
regions. H. K. Mondal et al. proposed a directional on-
chip log-periodic antenna coupled with an interference-
aware placement algorithm, demonstrating low-interference
millimeter-wave links within a 64-core Network-on-Chip
(NoC) system [8], [9]. Similarly, V. Pano et al. showcased
a WiNoC design using bi-directional antennas, achieving a
66% reduction in channel interference through an innovative
substrate propagation technique [17]. Figure 1(b) depicts
the schematic of a high-directional intra-chip interconnect.
The directional antennas allow the construction of multiple
non-interfering interconnects on the same silicon, facilitating
parallel transmission and improving overall data throughput.
In addition, high directivity enhances transmission gain
and improves energy efficiency. However, the constraints
of on-chip integration prevent the implementation of any
mechanical beam scanning mechanisms. The radiation
direction of each antenna is fixed and can only cover
a small area of the chip, greatly limiting the flexibility
of transmission. Additionally, antenna sidelobes may still
cause interference with neighbouring antennas, potentially
degrading the transmission quality.

This paper proposes an on-chip digital-coding metama-
terial for intra-chip millimeter-wave interconnects, which
empowers the on-chip antenna with diverse beamsteering
capability to adopt a variety of transmission needs. Meta-
materials are artificially engineered structures designed to
manipulate electromagnetic waves under a certain range of
frequencies. They feature periodic structures formed by sub-
wavelength meta-atoms (Unit cells), which are designed
to obtain irregular electromagnetic responses. The beam-
steering metamaterial has significantly evolved over the past
two decades, particularly in 5G-related applications [41],
[46]. Early research focused on gradient-index (GRIN) meta-
materials and reconfigurable metamaterials, which deflect
beams by creating spatially varying refractive indices across
the material. Typical GRIN can achieve a beam deflection
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angle from 15° to 60° depending on the antenna type and the
metamaterial footprint [30], [32], [35]. The reconfigurable
metamaterials contain unit cells that can be electrically
or optically switched between two refractive indexes, thus
switching the beamsteering angle between positive and
negative values [31], [33], [34]. However, reconfigurable
metamaterials have difficulty in achieving fine-tuning of the
antenna beam direction due to the limited reconfigurable state
of the metamaterial.

Digital-coding metamaterials and metasurfaces represent
a significant advance in beam-steering capability. These
metamaterials consist of tunable unit cells with discrete
states that can be represented by 1-bit or multi-bit binary
coding, allowing for various beam control functions through
different coding combinations. The digital-coding sequence
greatly enhanced the control freedoms of metamateiral,
which enables dynamic and precise control of beam deflec-
tion angles. Cui et al. pioneered the design of a 1-bit
coding metasurface embedded with PIN diodes, capable of
creating different scattering patterns through digital coding
sequences [36], [37]. Existing digital-coding metamaterials
can achieve a beamsteering accuracy of 10° to 15° over a
range of +45° [37], [38], [39]. The 2-bit and multi-bit coding
metasurfaces and multi-bit coding allow finer control over
the phase state distribution across the metamaterial [36], [40].
Under the real-time control from a digital programming unit
(typically a FPGA or ASIC), the digital-coding metamaterial
can perform advanced beam-steering and beamforming
functions, such as multi-dimensional, [36], [47], time-
modulated [51], [53] and nonreciprocal [39], [51], [52]
beamsteering, RCS reduction [44], orbit angular momentum
(OAM) generation [45] and holography display [44].

Digital-coding metamaterials offer significant advantages
in beam-steering accuracy, versatility, and flexibility com-
pared with other approaches. In this work, the main
idea is to combine the coding metamaterials with on-chip
millimetre-wave transmission. The powerful digitally coded
metamaterials can effectively compensate for the lack of
beam control capability of on-chip antennas. The planar
metallic structure of the metamaterial makes it suitable for
on-chip integration. For WiNoC and other related intra-
chip millimeter-wave interconnects with constantly changing
requirements on the transmission targets and direction,
digital-coding metamaterials can effectively meet the relevant
needs with their high-precision and diverse beam deflection
capabilities.

The remaining sections of this paper are organised as
follows: Section II presents the design of a 1-bit coding unit
cell through topological optimisation. Section III presents
the design of the digital-coded metamaterial for on-chip
beam-steering. Section IV presents the RF transceiver circuit
design and intra-chip simulation setup for beam-steering and
reconfigurable transmission analysis. Section V provides the
simulation results, showing ten different transmission modes
achieved by the proposed digital-coding metamaterial under
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FIGURE 1. Schematic diagram of on-chip millimetre-wave interconnect based on different antenna types. (a) Omnidirectional broadcasting antennas.
(b) Directional antennas and (c) Proposed metamaterial enhanced antennas. The digital coding metamaterials (Purple regions) feature each transmitter
antenna with large-angle beam steering and multiple transmission modes, and each metamateiral can be reconfigured to generate the most appropriate

radiating pattern dependent on the transmission target.

different coding sequences, and compares its performance
with other on-chip beam-steering approaches. Section VI
provides an overall summary of the paper.

Il. CONCEPT AND DESIGN

A. METAMATERIAL-ENHANCED ON-CHIP INTERCONNECT
Section [ reviews two conventional on-chip wireless intercon-
nect designs: one based on broadcasting antennas (Fig. 1(a))
and the other on directional antennas (Fig. 1(b)). Due
to the lack of on-chip beamsteering methods, on-chip
millimeter-wave interconnects suffered from challenges like
low interference immunity and poor transmission flexibility.
In this work, we introduce integrated digital-coding meta-
materials into the on-chip wireless interconnects, which can
actively manipulate the radiation pattern to create different
transmission modes.

Figure 1(c) presents the schematic design of metamaterial-
enhanced on-chip millimeter-wave interconnects. The purple
area indicates the on-chip metamaterials placed closely with
each transmitter antenna for active radiation control. The
introduction of metamaterial could remarkably improve the
transmission flexibility of millimeter-wave interconnects.
Each transmitter antenna antenna can support a large-angle
beam-steering, and multiple adjustable radiation patterns
include both high directivity and broadcast transmission. The
metamaterial can function as an EM absorber under a specific
configuration to reduce interference caused by antenna
sidelobes or unwanted radiation. Parallel transmission with
multiple on-chip wireless interconnects can be achieved by
properly configuring multiple sets of metamaterials to avoid
overlap of radiation. The transmission direction and coverage
area of each antenna can be reconfigured and optimised based
on transmission objectives. Overall, metamaterial-enhanced
on-chip interconnects combine the advantages of both
broadcast and high-direction interconnects, offering broad
transmission coverage and high-gain parallel transmission.
Their primary issues are effectively mitigated, which are poor
interference control and fixed transmission direction.
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B. DESIGN OF THE TOPOLOGY UNIT CELL

The basic design unit of a metamaterial is the unit cell,
a specially designed metal patch that interacts with incoming
EM waves to achieve certain dielectric properties. This paper
introduces a novel circular-shaped unit cell design based
on topology optimisation. Figure 2(a) presents the design
procedures of the unit cell from a circular sector metal patch.
The circular sector patch has a radius of R and a central angle
8. The path is then divided into P lines and Q colours of
annulus sectors with a smaller central angle /P, and a small
circular sector near the centre with a centre angle of § and
radius of R/(Q+ 1). Each small sector can be present in either
a bit 1 or bit O; bit O indicates an absence of metal within the
pixel area, while bit 1 represents the pixel existence of metal
in that area. In our unit cell present in Fig. 2(a), where P = 4,
Q = 9 and § = 7/2 rad. The optimisation region contains
36 annulus sectors and one circular sector, which requires
37 bits to define a pattern. Following the pixel mapping, the
defined ring sector is rotated by 90° for 4 times to form a
complete circular unit cell design.

The arrangement of the pixel map on the unit cell creates
capacitive and inductive structures. Different pixel maps will
change the total equivalent capacitance C; and inductance L,
until resonance frequency matches with the optimal target.
The resonance frequency of the unit cell can be approximated
as [41] and [42]:

1 1
U=/ ros )

The size of the unit cell is approximately 1/9 of the target
optimisation wavelength Ag. The unit cell is simulated on a
multi-layer silicon substrate present in Fig. 2(b). It comprises
several metal and insulator layers from the bottom to top:
a 1 pum metallic ground layer at the bottom, a 625 um
thick silicon substrate and a 2 um thick SiO; insulating
layer separating the antenna and metamaterial layer from
the silicon substrate. The field setup simulates the TE mode
millimetre-wave propagation inside the dielectric silicon
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FIGURE 2. Pattern generation, coding and optimisation process of the topological metamaterial unit cell. (a) Design process of the unit cell. A circular
sector metal patch is coded with a 37-bit binary sequence in either ‘1’ or 0’ then rotated four times to form a complete cell. (b) The simulation setup of
the unit cell on a multi-layer silicon substrate. (c). The flow chart shows the optimisation process based on the genetic algorithm performed through

MATLAB and CST simulation.

substrate generated by an on-chip dipole antenna [43]. The
EM wave is propagating at the y-axis, and the electric field is
perpendicular to the direction of propagation on the x-axis.

C. OPTIMIZATION FLOW

The topology optimisation process of the proposed meta-
material unit cell is performed using a MATLAB-CST
co-simulation in Fig. 2(c). The optimisation combines the
full-wave simulation in CST and a pattern generation
and selection script based on genetic algorithm (GA) in
MATLAB. A similar flow has shown its effectiveness in
optimising multiple metamaterial parameters in previous
publications [54], [55], [56]. The optimisation begins with
an initial population that can be randomly generated by
MATLAB or pre-defined by the user. This population
comprises multiple individuals, each representing a 37-bit
binary sequence used for coding the circular sector. The
binary sequences are then mapped to the pixels to generate the
sector design. The map design is transferred to CST through
the CST-MATLAB Interface. CST rotates and duplicates the
pixel map to create a complete unit cell pattern and simulates
the unit cell under the condition given in Fig. 2(b). This
process is repeated until all individuals in the first population
are analysed.

After the simulation, the S-parameters results are passed
back to MATLAB for GA operations. Firstly, the fitness value
of the entire population is calculated based on a user-defined
fitness function. Then, an end condition check determines

190778

whether any individual has reached the fitness limit. If the
limit is reached, the program records the binary coding of
the best fitness design and terminates. If not, the population
are sent to GA operations, including elite selection, crossover,
and mutations, which generate the next population of binary
sequences. This new population is used to code new pixel
maps, and the optimisation cycles are repeated until a fitness
limit is satisfied or the maximum population count is reached.

During the GA operations, the population size is set to
10-15. The crossover probability is set as 0.8. The number
of elite children per generation is 1. The mutation rate is
0.01. The end condition consists of a fitness limit value and
a maximum generation limit of 30 to prevent the program
runs forever. It is worth noticing that a small population
of 10-15 is used compared with the coding length (37) of
the pixel map. It helps to shorten the simulation cycle and
fasten the convergence of the genetic algorithm. However,
this may cause its tendency to converge towards the local
optima position. To overcome this problem, multiple GA
optimisation processes are repeated using different initial
populations to quickly search for multiple locally optimal
designs. After that, the locally optimal designs are selected
and compared to generate one to two final optimised designs.

The fitness value defines the target of optimisation on
the metamaterial unit cell. In this paper, we focus on the
optimisation of two targets at the same time: the resonance
frequency of the unit cell and the incident angle sensitivity of
the unit cell. The resonance frequency defines the operation
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FIGURE 3. Comparison of the optimised unit cell with two conventional unit cell designs under different signal incident angles from 0° to 45°, each figure
presents the mean and standard derivation of resonance peak shift, fitness value and the S,; curve under the four angles. The layout of (a) a
conventional squared unit cell shows poor resonance consistency when the incident angles increase, and (b) a circular unit cell formed by three ‘barbell’
shaped resonators with better angle independence. (c) The topologically optimised unit cell has the highest resonance consistency with one order of

magnitude reduction in the fitness value.

band of the metamaterial, which should be as close to the
target frequency f;. The incident angle sensitivity defines the
resonance consistency of the metamaterial under different
signal incident angles of 0°, 15°, 30° and 45° (Achieved by
rotated the unit cell by the corresponded angle around its
centre point), which should be as consist as possible. The
fitness function can be expressed as:

fitness = min(a - std(|f, — fi]) + b - mean(|fp, — fi])), (2)

where f,, is the resonance peak frequency of the unit cell,
and |f, — fi| is the absolute difference between the peak
frequency and the target frequency. This fitness function
target minimises the mean and standard deviation (std) value
of the frequency difference under four incident angles. The a
and b are weights parameters, which were both set to 1 in this
case.

D. OPTIMIZATION RESULTS

Figure 3(c) presents the layout of an optimised unit cell with
serial number 121443291479, corresponding to the decimal
format of the 37-bit binary sequence defining its pattern. Two
conventional unit cell designs are also shown in Fig. 3(a)
and Fig. 3(b) for comparison. The labels on the right of each
cell layout provide the mean and standard deviation of the
resonance peak shift under four angles, as well as the fitness
value of optimisation and the radius of the unit cell. The figure
below plots the S»; curve pf each cell under signal incident
angles of 0°, 15°,30°, and 45°. The black dotted line indicates
the target optimisation frequency f; at 65 GHz.

The square-shaped resonator in Fig. 3(a) exhibits reso-
nance performance highly dependent on the incident angle
due to its nonsymmetric diagonal and vertical directions.
The resonance peak shifts towards higher frequencies and
quickly attenuates as the incident angle increases, resulting

VOLUME 12, 2024

in high mean and standard deviation values. Figure 3(b)
presents a circular-shaped unit cell design that is formed by
three barbell-shaped resonator structures that are rotated and
duplicated around its centre point. This design approach gives
the unit a symmetrical nature under multiple angles, which
lowers the fitness value by a factor of 4.37 compared to the
squared cell. However, the S>; curves show that there is still a
maximum peak offset of around 2.4 GHz under 15° and 30°
incidence angles.

The topologically optimised unit cell takes this improve-
ment further, achieving an average frequency shift of
0.15 GHz and a standard deviation of 0.178, with nearly
an order of improvements in fitness value compared to
conventional designs. The S»; plots indicate almost no shift
in the peak resonance frequency from 0° to 45°. Additionally,
the radius of the optimised unit cell is 9% smaller than
the conventional circular unit cell, saving 17% of area per
unit cell. We achieve a compact and angle-independent
metamaterial unit cell design through topology design
optimisation. The unit cell can guarantee highly consistent
performance at different beam deflection angles, which lays
the foundation for equivalent refractive index calculations
and the following metamaterial design. Moreover, its pixe-
lated structure also benefits the tunable design required by
digital-coding metamaterial; the resonance modes of the unit
cell can be significantly changed between two or multiple
states by identifying and changing one or more critical pixels.

E. DESIGN OF ONE-BIT CODING UNIT-CELL

The design of the one-bit coding unit cell is derived from
the optimised cell *121443291479” with a radius of 250 pum.
The pixel 31 in the unit cell is identified as the critical pixel,
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FIGURE 4. Design and characteristics of a 1-bit coding unit cell. (a) The coding unit cell modified from optimised cell '121443291479’, a tunable PIN diode
replaces the metal on pixel 31 to achieve two switchable states: ‘0’ when the diode is switched OFF and ‘1’ when the diode is ON. (b) The cross-section
view of the tunable on-chip PIN diode, heavily doped P+ and N+ areas are formed below the anode and cathode, and a lightly doped intrinsic region is in
the middle. The anode and cathode are directly attached to the metallic pattern of the unit cell. (c) The net doping diagram of the PIN junction was
simulated with the Silvaco TCAD. (d) I-V characteristic of the PIN diode with a forward bias voltage from 0 to 2 V. (e) Real and imaginary parts of the

effective refractive index n when unit cell under state ‘0’ and '1".

which is replaced by a simple electrically controlled diode.
The unit cell has two operating states that depend on the
diode configuration on the critical pixel 31, which can be
expressed by a 1-bit binary code in either 0’ or ’1°. The
state "0’ presents all diodes as switched OFF, and pixel 31 is
insulating. State "1’ is defined when all diodes are switched
ON, and pixel 31 is conductive.

The PIN diode has been widely used as the switching
component in previous reconfigurable and digital coding
metamaterials [33], [37]. In our case, a planar SOI PIN
diode is chosen as the tunable pixel, as its simple structure
can be easily integrated with the planar metallic pattern of
the on-chip metamaterial, and it is fully compatible with
standard CMOS fabrication processes [57], [58]. The cross-
section structure of the PIN diode is present in Fig. 4(b).
The diode is fabricated on a typical SOI substrate, and the
P-I-N structure is formed on the top device layer of silicon.
Figure 4(c) presents the doping map of the diode simulated
with Silvaco TCAD; the P+ and N+ regions are doped
with ion implantation with a concentration of 1 x 10"
atoms/cm® and followed by a short anneal. The intrinsic
region is lightly doped with phosphorus with a concentration
of 1 x 10'* atoms/cm?. The anode and cathode are metal
patches extended from the metallic structures of the unit cell.
The length of the intrinsic region Lgioge is 10 um, and the
thickness of SiO, and poly-silicon layer Tiicon and Toxide are
both 2 um. The I-V response of the PIN diode is presented
in Fig. 4(d). When no or little forward bias is applied to the
diode, the PIN diode works as a large resistor due to the
presence of the intrinsic layer between the anode and cathode.
When the forward-biased voltage reaches 2 V, the diode is
fully switched on, and the free carriers are injected into the
intrinsic region, which remarkably reduces the resistance of
the diode to around 5 2.

The one-bit coding unit cell exhibits two different fre-
quency responses under the state *1” and state *0’. Figure 4(e)
plots the simulated effective refractive index n versus the
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frequency under the two states. At 70 GHz, the state ’0’ unit
cell has a high real part of no, &~ 3.8 and a low value on the
imaginary part ng; &~ 0.59. State ’1° performed oppositely,
with amuch lower real part n1; & 1.26 and a higher imaginary
part n1; =~ 1.08 compared with the state *0’. The real part
and imaginary part affect the phase velocity and the loss of
the signal passing through the metamaterial. The state *0’
unit cell has a high deflection capability and low signal loss,
whereas state "1’ has a much lower deflection capability but
much higher signal loss. The index difference between the
two states forms the basis for beam-steering applications.

1ll. DESIGN OF DIGITAL-CODING METAMATERIAL

Figure 5(a) sketches the proposed digital-coding metama-
terial design based on the two-state tunable unit cell. The
metamaterial consists of a 3 x 5 array of unit cells on the
same multi-layer silicon substrate in Fig. 2(b). The adjacent
unit cells have a horizontal and vertical separation of 100 pum.
The configuration of the metamaterial can be represented
by a 15-bit binary coding, and each bit corresponds to
the switching state of the unit cell at the given position.
Due to the difference in the equivalent refractive index
under states ’0’ and ’1°, the unit cell array can form an
inhomogeneous refractive index distribution after coding,
which causes deflection when the electromagnetic waves pass
through the metamaterial, and different coding sequences will
lead to different deflection angles.

An on-chip meandering dipole antenna (MDA) is placed
below the metamateiral to serve as an electromagnetic
source. It comprises two metal strips placed end-to-end, each
with 11 repeated meander sections. The meander section is
characterised by the parameters arm length (/), arm width
(w), line width (b) and thickness (¢). The MDA in this paper
operates at 70 GHz, with [ = 18 um, w 12 um, b =
5 um, t = 1 um. The metal strips are connected to GSG
contact pads for port signal feeding. Each pad has a size
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FIGURE 5. Design and analysis of the digital-coding metamaterial. (a) The layout of the digital-coding metamaterial is formed by a 3 x 5 array of binary
coding unit cells and an on-chip meandering dipole antenna (MDA). (b) Structure layout and geometric parameters of the MDA. (c) Metamateiral with a
binary coding of 110001100011000 and (d) its equivalent refractive index distribution, the route of EM rays inside two index mediums leads to different
phase shifts. (e) The calculated array factor indicates the metamaterial can deflect the beam by 29°. (f) Simulated E-field distribution in CST indicates the

main lobe of the dipole antenna is deflected by 31°.

of 100*100 um and a pitch between two pads of 150 um.
Table 1 summarises the core performance parameters of the
MDA operates at 70 GHz. The S1; of the MDA at 70 GHz
is —22 dB. The —10 dB bandwidth of the antenna is around
15.48 GHz. The antenna exhibits low directivity and a wide
radiation angle, consisting of two main lobes positioned at
0° and 180° direction with a maximum gain of 3.78 dBi
and a 3 dB beamwidth of 102°. Similar on-chip MDAs have
been widely used in many previous works as a standard
broadcasting on-chip antenna [16], [18], given their compact
size, simple structure, and easy fabrication.

The beam deflection analysis can be performed using
the effective medium theory [20], where the substrate area
containing states 0’ and 1’ unit cells can be approximated
to uniform medium with complex refractive index ng, + ing;
and ny; + inj. When the EM wave passes through a medium
with an uneven refractive index distribution, the wave travels
slower in regions with higher index and leads to deflection
of the wavefront towards the direction with a higher effective
index. Figure 5(c) provides an example of the metamaterial
coded with a binary sequence of 110001100011000. The left
two columns of the unit cells are set to state ’1’°, which is
marked in red with nj; &~ 1.26, and the three columns on the
right are set to state ’0’ marked in grey with no, =~ 3.8.

TABLE 1. Basic performance parameters of the 70GHz MDA.

Freq 70 GHz Gain 3.78 dBi
S11 at 70 GHz -22.dB Efficiency 65%
Bandwidth (-10dB) | 15.48 GHz | 3 dB beamwidth 102°
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The equivalent dielectric model and the EM path were
labelled in Fig. 5(d). The L and W present the length and
width of the metamaterial region. In our case, the diameter
of the unit cell is 500 wm and the cell separation is 100 pm.
The L = 2900 pum and W = 1700 um. The on-chip dipole
antenna is placed 200 wm below the metamaterial. To analyse
the beam deflection angle, we can simplify the EM field
radiating from the centre of the antenna into N number of EM
rays, labelled as the black dotted arrows in Fig. 5(d). The nth
ray radiates from the EM source and enters the metamaterial
with an angle «,, and travelled inside the metamaterial with a
distance d,,:

_1 (w+200x 1076
=t _), 3
o = an ( IL/2 — L] G

L
dp = —, (3b)
sin(oy,)

where L, equals to L/(N — 1). It can be observed that each
ray travels with a different distance in the state 0’ and state
’1” medium, which will lead to a different phase shift when
leaving the metamaterial, the phase component of the " EM
ray can be expressed as [46]:

@n = konordno + konirdp, “)

where ky is the free space wavenumber, ng, and ny; are the
effective refractive index of metamaterial under states 0’ and
’1’, dyo and d,,; are the path length of the nth ray travelled in
the state 0’ and *1” medium respectively. Besides the phase
shift, each ray will have a different amplitude component
due to the different absorption coefficients. The amplitude
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FIGURE 6. Simulation setup and circuit design for beamsteering and multi-mode transmission analysis. (a) Metamaterial beamsteering test with
full-wave simulation based on a four-antenna intra-chip transmission setup, the metamaterial is placed in front of the transmitter antenna 1, and the
other three antennas work as receivers. (b) Circuit setup to evaluate different transmission modes on the digital side consists of one wireless transmitter
module connected to antenna 1 and three wireless receivers accepted signal from the antenna 2,3 and 4. Schematics diagram of the wireless transceiver
circuit components with (c) Voltage-controlled oscillator (VCO) and (d) On-Off-Keying (OOK) modulator at the transmitter side. (e) Low-noise amplifier

(LNA) and (f) OOK demodulator at the receiver side.

component of the n™ EM ray can be expressed as [59]:

A, = e~ ko(oidno+n1idn1) (5)

After calculating the phase shift and amplitude component
of all the EM rays, we can drive an n point phase distribution
of EM wave on the top edge of the metamaterial array. We can
approximate it into an equally spaced linear phased array with
N radiation units and equal separation distance of L,; the
array factor can be calculated as [60]:

N
AF =" Ayelkrnlacos@)ton,

n=1

6)

where k, is the dielectric wavenumber inside the silicon
substrate with ¢, ~ 11.9, A, is the amplitude component of
each radiation element. The phase component k,nL,,cos(¢) +
¢, will vary based on the angle of arrival ¢, and the
phase shift caused by the metamaterial ¢, is added to
each radiation element. Figure 5(e) presents the calculated
array factor plotted in the semi-polar coordinates. It can be
observed that the main lobe of the antenna was deflected
to the +29° compared with the original main lobe pointing
towards 0°. The simulated E-field distribution in Fig. 5(f)
clearly presents the deflection of the beam caused by the
same metamaterial setup. The beam deflection angle can be
measured around 31°, which shows a good agreement with
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the calculation. In addition, the high absorption coefficient
of the state 1 unit cells can attenuate the unwanted radiation
outside the main lobe direction, which makes the proposed
metamaterial exhibit a better side lobe suppression effect
compared to previous beam deflection metamaterials [34].
This improvement helps to reduce the side lobe interference
to the non-transmitting region during the beam deflection
process.

IV. CIRCUIT DESIGN AND SIMULATION SETUP

A. SIMULATION SETUP

In this section, we explore the beam-steering capabilities of
the digital-coding metamaterial through a series of electro-
magnetic (EM) and circuit simulations. Figure 6(a) illustrates
the setup for the beam-steering simulation performed in
CST: an intra-chip transmission system comprising four
dipole antennas on a 10 x 10 mm silicon chip with a
resistivity of 50 €2 - m. The horizontal and vertical separation
between the two adjacent dipoles is 5 mm, while the diagonal
dipoles are separated by 7.07 mm. Each antenna is oriented
with its main lobe directed towards the centre of the chip,
as indicated by the small black arrows in Fig. 6(a). This
arrangement maximises the transmission coverage of each
dipole antenna. A similar antenna configuration has been
widely used as a transmission benchmark in previous studies
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[7], [13], [29], [50], which effectively emulates the wireless
router placement in a mesh-based Wireless Network-on-
Chip (WiNoC). The proposed digital-coding metamaterial
is positioned in front of the transmitter (Tx) antenna 1 for
on-chip beamsteering, while the remaining three antennas
serve as wireless receivers (Rx). Each antenna has a 50-Q2
lumped port applied across its GSG pad for S-parameter
measurement. The transmission S-parameters from the Tx
antenna 1 to the Rx antennas are recorded under each coding
sequence, which are used as inputs for the next stage of EM-
circuit co-simulation.

During the beam-steering analysis, MATLAB is used
to input the 15-bit coding sequence to CST through the
CST-MATLAB Interface, which changes the 15 pre-defined
parameters that control the switching state of each unit cell in
the CST. Different coding sequences will generate different
radiation patterns and beam deflection angles, affecting the
signal strength received by each Rx antenna. The proposed
digital-coding metamaterial consists of 15 independent con-
trolled unit cells that allow 32768 different coding sequences.
However, not all sequences can generate radiation patterns
that could contribute as a helpful transmission mode for the
given intra-chip interconnects. A proper coding sequence
can be selected through forward calculations and simulations
or by inverse design. The forward design calculates the
beam deflection angle caused by each refractive index
distribution of the metamaterial and then verifies it through
the simulation. The reverse design can be performed using
a similar optimisation flow in Fig. 2(c) using the genetic
algorithm when a specific design objective is known (Such
as a particular beam deflection angle). For the existing
3 x 5 array, forward design is sufficient for some basic
transmission modes, while reverse design can become more
advantageous as the array size of the metamaterial is further
expanded or more complex coding schemes are introduced.

The setup of EM-Circuit co-simulation is present in
Fig. 6(b). The SPICE-level circuit simulation is performed
using Cadence Virtuoso. The testing circuitry consists of
one wireless transmitter module and three identical wireless
receiver modules. All transceiver modules are connected to
a 4-Port interface module provided by Cadence’ analogLib’,
which reads the S4P touchstone file (S-parameter) output
from the beam-steering simulation in CST. The transmitter
module consists of a voltage-controlled oscillator (VCO)
that generates the 70 GHz carrier wave. The transmitted
data is modulated on the carrier wave using an On-Off-
Keying modulator. Each Rx module contains a low-noise
amplifier (LNA) to compensate for the transmission losses
and a demodulator to recover the data from the modulated
signal. The output from transmitter 1 is connected to the port 1
position, which corresponds to the Tx antenna 1. The three
receiver modules are connected to the Rx antenna 2, 3 and 4,
respectively. During EM-Circuit co-simulation, a 5 Gbps
clock signal (Repeated 0 and 1) is modulated on the 70 GHz
carrier wave and transmitted to the three receiver modules.
The results from the beam-steering simulation will directly
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affect the received signal amplitude and which receiver
modules can correctly decode the data.

B. WIRELESS TRANSCEIVER CIRCUIT DESIGN

Figure 6(c)-(f) provides the schematic diagrams of the
transceiver circuit components. All circuit components are
designed using TSMC 65 nm technology. The wireless
transceiver adopts the On-Off-Keying (OOK) modulation
scheme [3], [27]. A binary 1 represents the continuous
transmission of the carrier wave during the logic period, and
binary O represents no carrier wave (Amplitude = 0) being
transmitted in the period.

The VCO presented in Fig. 6(c) generates the high-
frequency carrier wave, which consists of an LC tank (L; and
C1) to provide the initial oscillation. Where C1 are voltage-
controlled NMOS capacitors, their capacitance varies with
the control voltage (V.y1), which changes the oscillation
frequency of the LC tank. A cross-coupled NMOS pair (M1
and M2) to provide a unit gain and satisfy the Barkhausen
criteria. The VCO outputs a differential carrier wave to
the modulator. The OOK modulator in Fig. 6(d) adopted
a leakage compensation design proposed in [18]. The two
cross-coupled NMOS pairs (M1 and M3, M2 and M4) work
as two leakage compensation groups. M2 and M3 receive the
incoming digital signal to switch ON and OFF the carrier
wave. M1 and M4 provide differential leakage drain current
that is 180° out of phase to that of M2 and M3. The leaked
currents of transistors will cancel each other out to improve
the on-off isolation during modulation.

The first circuit component at the wireless receiver is
the low-noise amplifier used to composite the transmission
path loss from antenna 1 to the receiver antennas. Presented
in Fig. 6(e), the LNA has two differential amplification
stages connected in series: a common source stage (M1 and
M4) with peak amplification around 66 GHz, followed by
a second cascode stage (M2-M3 and M5-M6) amplifying
at 75 GHz. The two states are amplifying on slightly different
frequencies, which can compensate to form a wider 10 dB
amplification bandwidth around 15 GHz and a maximum
amplification gain of 24 dB. After amplification, the wireless
signal is processed by the OOK demodulator, which consists
of a NOMS rectifier transfer followed by a Schmitt trigger
inverter. The rectifier (M1 and M2) transfers the differential
input into an inverted single-ended envelope. The Schmitt
trigger inverter circuit adjusts the duty ratio on the output
square signal and buffers the output signal.

V. RESULT AND DISCUSSION

A. SIMULATION RESULTS

Figure 7 presents ten distinct transmission modes achieved
by applying different coding sequences on the 3 x 5 digital-
coding metamaterial, which can work as control presets for
the antenna network to meet the typical transmission target
requirements. The bottom left of each sub-figure depicts the
configuration of the 3 x 5 unit cell array and the binary
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FIGURE 7. Ten presets of transmission modes achieved with different binary coding on the metamaterial. Including (a) —40°, (b) —30°, (c) —15°, (d) 0°,
(e) +15°, (f) +30°, (g) +40° beam deflection. (h) Beam splitting, (i) broadcasting and (j) attenuation modes. Each image provides the binary coding
sequence, state map, the simulated electric field distribution across the chip and S-parameters under each mode. The S;; represent return loss at
antenna 1, and S,;, S3;, and S,; represent the transmission coefficient from antenna 1 to three receiver antennas.
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FIGURE 8. Normalised transmission magnitude at 70 GHz versus the
detection angle from —45° to +45° under mode 1 to mode 7.

sequence that enables the transmission mode. The upper left
of each sub-figure shows the electric field distribution within
the silicon chip, with the black arrow indicating the direction
of the main lobe of antenna 1 and the red arrow indicating
the beam direction after deflection by the metamaterial.
The right side of each sub-figure presents the simulated S-
parameters of the four antennas labelled from S1; to S41. The
S11 represent the return loss of the Tx antenna 1, and the Sy,
S31, and Sy41 are the transmission coefficients, indicating how
much percentage of power is delivered to each Rx across the
chip from the antenna 1. Under a baseline transmission case
without the metamaterial, the S>1, S31, and S4; are simulated
as —31.06 dB, —30.9 dB, and —28.43 dB at 70 GHz, which
are main contributed by the path loss and the dielectric loss
from the silicon substrate.

Figures 7(a) to 7(g) display seven different beamsteering
angles achieved by the metamaterial, ranging from —40° to
+40°. Modes 1 and 7 exhibit the largest deflection range
achievable by the metamaterial, where the state ’0’ and
’1” unit cells each occupy around half of the metamaterial.
In Mode 1, the beam of the on-chip dipole is strongly
deflected by approximately —40° (anti-clockwise) towards
antenna 2. The S»; value receives a 4.95 dB enhancement
at 70 GHz compared with a broadcasting transmission
without the metamaterial, while the S»; and S31 are noticeably
attenuated to —40 to —50 dB. Modes 2 and 3 gradually reduce
the beam deflection angle to —30° and —15°. In this process,
antenna four is gradually incorporated into the radiation area
of the antenna lobe. At —15° deflection angle, the S»; and
S31 are both located around —29 dB and with an additional
—15 dB channel separation with the antenna 3.

Figure. 7(d) presents the transmission mode 4 with a zero-
degree beam deflection angle. The state distribution of the
unit cells in the metamaterial is centre-symmetrical. Three
columns of state 0’ unit cells with a higher index were
arranged in the middle, flanked by state *1’ unit cells with
a lower index on either side. This arrangement can work
as a metamaterial lens, narrowing the beam width of the
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dipole antenna and enhancing transmission gain. The S4;
under mode 4 at 70 GHz is improved by 3.3 dB compared
with a broadcasting transmission, which means that the signal
strength received at antenna 4 is doubled. Mode 5 to mode
7 shows positive beam deflection angles (Clockwise) from
+15° to +40° towards the antenna 3. Figure 8 presents the
normalised radiation pattern under a detection angle of =+
45° at 70 GHz, which clearly presents the beam-steering
range under each transmission mode from —40° to +40° in
mode 1 to mode 7. It is important to note that Fig. 7 does
not display all the possible beam-steering modes that can
be supported by 3 x 5 digital-coding metamaterial. During
simulation verification, the metamaterial can achieve a beam-
steering range from —40° to +40° with a minimum step size
around 5°.

The metamaterial in mode 8 also features a center-
symmetric configuration but with a column of state 1’ unit
cells in the middle and state *0’ unit cells on both sides. This
setup acts as a 90° beam splitter, equally dividing the beam
into two parts directed towards —45° and +45° directions to
the antenna 2 and 3.

Modes 9 and 10 present two special cases where all unit
cells are in the same state, resulting in an evenly distributed
refractive index within the metamaterial. In mode 9, with
all unit cells in state ’0’, the dipole antenna maintains its
original radiation pattern, broadcasting the signal to all three
antennas. In mode 10, with all unit cells in state ’1°, the
higher imaginary part (1.08) of the refractive index leads to
a significant signal attenuation when the EM wave passes
through three layers of unit cells. This functionality can be
particularly useful on a larger chip involving more transmitter
and receive antennas. The metamaterial can ‘switch off” half
of the main lobe of the dipole antenna, thereby reducing
interference to other regions of the chip.

Figure 9 presents the results of the EM-circuit simulation
under the ten transmission modes. It displays the output
waveforms of the three receiver modules at antennas 2, 3,
and 4. The top line of each subfigure plots the amplified
signal from the low-noise amplifiers (LNAs), and the
bottom line shows the demodulated signal at the on-off
keying (OOK) demodulator. This test demonstrates that
through active beam control, the digital-coding metamaterials
can accurately select transmission targets and enable data
transmission among multiple receivers without the need
for any transmission identification codes or medium access
control protocols.

The data transmission conditions can be classified into four
categories based on the number of receivers that successfully
decoded the data. The first category comprises modes 1, 4,
and 7, shown in Figs. 9(a), 9(d), and 9(g). The data (clock
signal) is successfully delivered to a specific antenna with a
directional point-to-point transmission. The signals received
by the other two antennas are significantly attenuated and
cannot be decoded even after proper amplification. The
second category includes modes 3, 5, and 8, illustrated
in Figs. 9(c), 9(e), and 9(h). In these modes, the data is
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FIGURE 9. Data waveform at the LNA and data output in Fig. 6(b) under the 10 transmission modes. (a) Mode 1 with —40° beam deflection angle,

only antenna 2 received the data. (b) Mode 2 with a —30° deflection angle, antenna 2 receives the data, but a noticeably higher amplitude is output by
the antenna 4 LNA. (c) Mode 3 with a —15° deflection angle, both antenna 2 and 4 receive the data. (d) Mode 4 has a 0° directional transmission, and
only antenna 4 receives the data. (e) Mode 5 with a +15° deflection angle, both antenna 3 and 4 receive the data. (e) Mode 6 with a +30° deflection
angle, antenna 3 receives the data. (f) Mode 7 with a +40° deflection angle, antenna 3 receives the data. (f) Mode 8 with a 90° beam splitting
transmission, antennas 2 and 3 receive the data. (I) Broadcasting transmission under mode 9, all three antennas receive the data. (j) Mode 10 works as a

signal attenuator and none of the three antennas receive the data.

delivered to two selected antennas simultaneously using a less
directional beam and smaller deflection angle in modes 3 and
5 or a 90° split beam in mode 8. The third category consists
of mode 9 in Fig. 9(i), where the signal is broadcast to all
three antennas, and all receiver modules can simultaneously
decode the transmitted signal. Due to the longer transmission
path to antenna 4, the received signal experiences a 0.03 ns
delay compared to the signals received by the other two
antennas. The last category consists of mode 10 in Fig. 9(),
where the signal is heavily attenuated and absorbed under
this mode, and no receiver can demodulate the data. These
results demonstrate the versatility and effectiveness of
the digital-coding metamaterial in dynamically controlling
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signal distribution, providing targeted transmission or broad
coverage as required.

B. SIMULTANEOUSLY TRANSMISSION

The results in Figs. 7 and 9 showcase the variable
transmission modes achieved with a single digital-coding
metamaterial. Its potential can be further expanded through
the cooperation of multiple sets of these metamaterials on the
same chip. Figure 10 presents a few cases incorporated with
multiple digital-coding metamaterials enhanced transmitter
antennas, similar to the schematic diagram provided in
Fig. 1(c). The placement of the antenna and metamaterial
remains the same, and the reconfiguration of interconnects
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FIGURE 10. Illustrative examples of simultaneous transmission using multiple integrated digital-coding metamaterials on the same chip, featuring
precise beam steering to prevent radiation overlap. (a) Three vertically arranged directional interconnects. (b) Three horizontally arranged directional
interconnects. (c) Direction and broadcasting transmission to different areas of the chip simultaneously.

is fully achieved by changing the binary coding on each
metamaterial. Figures 10(a) and 10(b) showcase the ‘direc-
tional’ interconnect using the metamateiral in vertical and
horizontal directions. Three non-interfering transmissions
can be performed on the same chip with directional beam-
steering. Additionally, the directional interconnect can be
reconfigured horizontally or vertically, which is hardly
achieved by conventional high-directional antennas without
beamsteering capabilities. Figure 10(c) demonstrates the
configuration of broadcasting transmission and directional
transmission on the same chip. The transmitter antenna
broadcasts signals to multiple receivers on the top left part
of the chip. The metamaterial under mode 10 absorbs the
unwanted radiation from the on-chip dipole. The rest of the
chip can be fully utilised for additional highly directional
transmissions.

C. COMPARISON AND FURTHER WORK

Table 2 summarises and compares the existing on-chip
beamforming approaches for intra and inter-chip wireless
interconnects. Previous works focus on on-chip phased
array antennas as the method for beam formation and
steering, formed by two or four smaller on-chip antenna
units and driving with an independent phase-shifting circuit.
Work [24] and [25] provide two phased array designs based
on omnidirectional patch antennas. When the antenna is fed
with a quadrature (90°) phase shifting circuit, the antenna
can achieve a full 360° scan of the main beam with a
minimum step size of 90° [21]. However, the combination
of four patch antennas results in a very large device area
of more than 10 mm?. Work [29] presents a more compact
on-chip phased array using four zigzag monopole antennas
and a passive feed system. The antenna can achieve three
different radiation modes: broadside, phased and endfire
by applying different feed systems, which cover a steering
range of around 90°. However, the use of a passive phase-
shifting system makes the antenna temporarily unavailable
for dynamic beamsteering.
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TABLE 2. Comparison of on-chip beam-steering approaches for intra-chip
and inter-chip transmission.

Work [29] [25] [24] [22] This work
Zigzag Patch Patch Phased Digi.tal-
Approach | phased | phased phased arra coding
array array array y metamaterial
Freq.
(GHz) 60 60 60 60 70
Device
area 24 | m3 | 1340 | N 493
(mm?) £
Max.
Steering 90° 227° 360° 180° 80°(£40°)
range
Steen'ng Not 90° 90° 90° 5°
step size given
Modes 3 4 4 8 >10

Compared to previous on-chip beamforming solutions
based on phased array antennas, the proposed on-chip
digital-coding metamaterial offers superior beam control
precision, with a beamsteering step size of approximately
5° and over 10 radiation modes to accommodate various
on-chip transmission requirements. A single metamaterial
can support a maximum beamsteering range of around 80°.
However, it can be further extended to nearly 180° using
two independent modules on the same antenna, as illustrated
in the centre antenna of Fig. 9. Another advantage of the
proposed digital-coding metamaterials is that it can be fully
digitally controlled. Unlike phased array antennas, which
require analogue phase-shifting circuits and complex feeding
networks, the proposed metamaterial can be controlled
by changing the switching state of the diodes in a fully
digital manner, which can be supported by simpler control
circuits and stronger immunity to interference and noise.
The digital control function can be smoothly integrated with
the wireless transceiver circuitry or the router circuitry in
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WiNoC, which allows automatic configuration of the most
optimal transmission mode according to the transmission
target requirements.

TABLE 3. Size of the unit cell array versus beamsteering capability.

Array size 2x3 2x4 3x4 3x5 3x6

No. control bits 6 8 12 15 18
Area overhead (mm?) 1.87 2.53 391 493 5.95
Max. Steering range +32° | £35° | £38° | £40° | £46°

Steering step size 15° 10° 5° 5° 5°

The primary limitation of digital-coding unit cell arrays
lies in their area overhead. The 3 x 5 unit cell array
introduced in this study occupies an area of 4.93 mm? when
operating at 70 GHz. Deploying multiple unit cell arrays
on the same silicon chip will consume a considerable
design space on the metal interconnect layer, making it
more suitable for implementation within silicon interposers
or dedicated transmission layers through three-dimensional
integration with the circuit layer [7], [18]. As the frequency
continues to grow, the footprint of individual unit cells and the
metamaterial can be significantly reduced. The latest reported
samples have realised on-chip antennas and transmitters up
to 150 GHz [48], while the cut-off frequency of existing
CMOS technology could theoretically support millimeter-
wave interconnects up to 200 GHz [28], [49]. At these
higher frequencies, the area required by the metamaterial
can be reduced by a factor of 8 to 10 compared to 70 GHz
designs.

Shrinking the metamaterial footprint by reducing the
number of unit cells is feasible, but it comes with the
sacrifice of beam control capability. Table 3 lists the size
of the unit cell array versus the beam-steering capability,
including maximum beam-steering range and steering step
size. As the array size increases, more unit cells can provide
a larger beamsteering angle and more precise steering.
However, even the smallest arrays in the table can still provide
a beam scanning range greater than 60°. In applications
where the scanning accuracy is not critical, a smaller array
can still noticeably enhance the beam control of on-chip
antennas.

Area reduction can also be achieved by expanding the
unit cell function. For instance, a multi-bit coding unit cell
can further expand the control freedom of the refractive
distribution. The one-bit coding unit cell discussed in Chapter
II defines a single tunable pixel and two operation states
when all transistors switch ‘ON’ or ‘OFF’ simultaneously.
The proposed topological unit cell can be easily expanded
into multi-bit coding by introducing more tunable pixels or
more operating states when four diodes are partially switched
‘ON’. This would allow for more refined refractive index
distributions, leading to better beam control accuracy and a
wider steering range with fewer unit cells than current one-
bit coding metamaterials.
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VI. CONCLUSION

We demonstrate a digital-coding metamaterial that enhances
the beam-steering capability of on-chip antennas and
enables multiple reconfigurable intra-chip transmission
modes, paving the way for high-performance on-chip
millimetre-wave interconnects. The unit cells of the meta-
material are topologically optimised for angle-independent
resonance performance through a genetic algorithm. Each
unit cell is independently tunable through on-chip SOI PIN
diodes between two states with a refractive index of 3.8 and
1.26 at 70 GHz. The proposed metamaterial is formed by a
3 x 5 array of unit cells, which can be fully controlled through
a 15-bit binary coding sequence that can change the refractive
index distribution of the metamaterial to achieve different
beam-steering angles and radiation patterns. We designed
ten transmission presets for the metamaterial containing
multiple functions, including adjustable beamsteering from
—40° to +40°, transmission gain enhancement for 3.3 dB,
90° beam splitter, and signal attenuator. These transmission
modes can be effectively applied for applications like
improving transmission efficiency, multiple access control,
and interference reduction, and they can be reconfigured
according to the transmission requirements. Overall, our
proposed digital-coding metamaterials can greatly enhance
the flexibility of on-chip millimetre-wave transmission and
can potentially serve as a standard design module for
future on-chip wireless transmission protocols and wireless
Network-on-Chip architectures.
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