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ABSTRACT
As energy-efficiency and high-performance of Networks-on-
Chips (NoCs) communication fabric have become critical,
limited bandwidth and fundamental signaling limitations of
metallic interconnects have forced academia and industry
to consider emerging technologies such as wireless intercon-
nects as an alternate solution. Wireless interconnects of-
fer multiple degrees of freedom for communication without
any area overhead for waveguides/wires, and can be built
on already available CMOS-RF platforms. In this paper,
we propose High-Core WiNoC (HCWiNoC) that can
scale to 1000+ cores while mitigating the three critical chal-
lenges of WiNoC - limited bandwidth, multi-channel inter-
ference and transceiver efficiency - to build an end-to-end
solution. First, we describe our row-column HCWiNoC ar-
chitecture where wireless channels are shared via tokens and
wired channels are employed for shorter distances. Second,
using HFSS design tool from Ansys, we design monopole
and dipole antennas and quantify the multi-channel path
loss and dispersion in our WiNoC structure. Third, we de-
scribe our transceivers, which consist of local oscillators, on-
off keying (OOK) modulators/demodulators, power ampli-
fiers (PA), low-noise amplifiers (LNA) and filters in 65 nm
RF-CMOS design from IBM in Cadence Virtuoso. Further,
based on our design and published results, we project en-
ergy efficiency trends for 32 and 22 nm technology nodes.
Our cycle-accurate simulation results on synthetic traffic for
1024 cores indicate that we can double the throughput while
consuming 20% lesser power than state-of-the-art WiNoC
architecture.

1. INTRODUCTION
The advent of chip multiprocessors (CMPs) combined with

continuous technology scaling into the sub-nanometer regime
will result in an exponential increase in the number of cores
that can be integrated within a single chip in the future [2].
Exponential increase in the numbers of cores has compelled
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architects and researchers to pay attention to the underlying
communication fabric that connects the cores, caches and
memory controllers on the chip. As the limited scalability
of bus-based networks degrades performance, Networks-on-
Chip (NoC) design paradigm has gained momentum where
a network of routers and links connects all the cores.

According to the International Technology Roadmap for
Semiconductors (ITRS) for long term, improvements in metal
wire characteristics will no longer satisfy the power and per-
formance requirements of on-chip communication. One ap-
proach to continue the performance improvements is to in-
tegrate new emerging technologies into the electronic de-
sign flow such as silicon nanophotonics, 3D integration and
wireless/RF technologies [11, 15, 9, 6, 13, 8, 5]. While sili-
con nanophotonics and 3D interconnects have unique power
and performance advantages and inherent design challenges,
wireless interconnects are fast becoming an important al-
ternate to metallic interconnects as they have some unique
properties which make them desirable in a NoC environ-
ment. First, wireless technologies for communications are
ubiquitous, and include a large technology base (e.g., cellu-
lar phones, wireless local area networks, etc.). This allows
wireless/RF interconnects to be easily integrated with tradi-
tional complementary-metal oxide semiconductor (CMOS)
circuits. Second, wireless communication offers several de-
grees of freedom; communication can be omnidirectional
which can facilitate one-hop unicast, multicast and broad-
cast communication that can result in a reduction in power
consumption while facilitating faster communication. Third,
wireless communication can increase the communication thro-
ughput by the combination of Frequency Division Multiplex-
ing (FDM), Time Division Multiplexing (TDM) and dual
polarization. Therefore, wireless interconnect offers several
advantages over other emerging technologies such as optics
and 3D stacking.

While wireless technology is well developed, miniaturiza-
tion of circuits in the face of technology scaling, multi-channel
interference over confined area and limited frequency spec-
trum1 are critical challenges facing wireless NoCs (WiNoCs).
In this paper, we analyze three critical aspects of building
scalable 1000+ core HCWiNoC: transceiver design, multi-
channel propagation and NoC architecture simultaneously
to build an end-to-end solution. We first describe our trans
ceivers that include local oscillators, on-off keying (OOK)

1Note that it is not the physical wireless spectrum that is ac-
tually limited; rather, present-day device technology cannot
easily or fully utilize this wireless spectrum.



modulators/demodulators, power amplifiers (PA), low-noise
amplifiers (LNA) and filters in 65 nm RF-CMOS design from
IBM in Cadence Encounter. Further, based on our design
and published results, we project energy efficiency trends for
32 and 22 nm technology nodes. Using the HFSS design tool
from Ansys, we designed monopole and dipole antennas and
quantified the resulting multi-channel path loss and disper-
sion attained through these antennas. With limited spec-
trum, we design hybrid architecture where wireless channels
are implemented for long distances and wired channels are
used for short distances. Our cycle-accurate simulation re-
sults on synthetic traffic for 1024 cores indicate that we can
double the throughput while consuming 20% lesser power
than state-of-the-art WiNoC architecture.

2. RELATED WORK
There has been prior work in wireless/RF interconnect,

communication and circuit designs for CMPs (on-chip), sen-
sor networks (low data-rate) and datacenters (off-chip) [9,
6, 13, 8, 5, 12, 3, 4]. Most wireless interconnects augment
an already existing wired network with wireless channels
to create shortcuts that enable fast data communications
across longer distances. The wireless on-chip communica-
tion designs have usually used simple binary on-off keying
with non-coherent detection (no multiplexing or duplexing
due to limited filtering capability); only the simplest and
often unrealistic channel models have thus far been used.
These designs have been proposed in the UWB bands (3-10
GHz), the mm-wave bands or near 300 GHz, and attain date
rates of a few Gbps (the 300 GHz design achieved 10 Gbps).
The WCube design was proposed in [13] which used a 2-tier
network with an electrical wired mesh and a wireless back-
bone. A centralized wireless hub was used to connect differ-
ent areas of the chip in a hypercube topology. Fixed wireless
links were used for long distance communication while wires
were used for short range. The wireless transceivers oper-
ated in the 100-500 GHz frequency range and consumed 4.5
pJ/bit. Another hybrid network organized cores into sub-
nets in which communication within a subnet was wired and
communication between subnets was wireless [9]. Each sub-
net had a centralized wireless hub that packets needed to
route to before using a wireless link. Additionally, wireless
interconnects were used in [6] to create long wireless links
between computing chassis. The links used an energy of
2 pJ/bit to transmit a maximum distance of 30 cm. The
iWISE design in [8] used distributed wireless transceivers
for shared long distance communication and wires for short
distances. Although prior work has shown the capability of
wireless interconnects, an end-to-end design that includes
detailed synthesizable circuits, multi-channel wireless char-
acteristics along with NoC architecture implementation has
been lacking which is the major objective of this paper.

3. HCWINOC: HIGH-COREWINOC

3.1 Architecture
Figure 1(a),(b) and (c) show the proposed scalable HCWiNoC

architecture that can scale to 64, 256 and 1024 cores respec-
tively. From Figure 1(a) for 64-cores, the proposed architec-
ture consists of a wired router to connect 4 tiles (each tile
consists of the core and caches) and 4 such wired routers
(or 16 tiles) are directly connected to a wireless hub router.
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Figure 1: (a) Proposed HCWiNoC architecture for
64 cores, (b) 256 cores and (c) 1024 cores. Wired
routers concentrate 4 tiles and 4 wired routers are
connected to wireless hub.

Concentration of tiles has shown to reduce area and power
overhead. The wired routers within a wireless hub are con-
nected via wires as a grid to ensure low latency. Wire-
less hubs communicate either in row-order or column-order;
with only four frequencies required for 64-tile implementa-
tion, we can divide the spectrum of 128 GHz into 4 chan-
nels each of 32 GHz or reduce the number of channels to
two, with each channel operating at 64 GHz. As discussed
in next subsections, we will elaborate on how the channel
and transceivers can deliver this bandwidth to our proposed
architecture. To ensure non-overlapping communication at
higher bandwidth, tokens are distributed for row-order and
column-order that can be shared among the wireless hubs.
The radix of the wired router will be a sum of tiles (4), neigh-
bor routers (4) and wireless hub (1); wireless hub radix is
6 (4 to wired routers, 1 to wireless row and 1 to wireless
column) and the maximum diameter of the network will be
4 (wired-wireless-wireless-wired). The wireless hub reduces
the number of distinct transceivers required and provides
methodology to scale the topology to large core counts.

Figure 1(b) shows the proposed 256-tile implementation
that extends the 64-tile design. We need 8 channels, 4 in
row-order (R1, R2, R3 and R4) and 4 in column-order (C1,
C2, C3 and C4) where these channels could share a token
using SWMR.We assume that the channel bandwidth scales



such that row and column have bandwidth identical to 64-
core scenario i.e. 8 channels at 32 GHz or 256 GHz of max-
imum bandwidth. The maximum diameter is still 4 (wired-
wireless-wireless-wired) and the radix of the wired router is
9 (identical to 64-tiles). The same design can be further ex-
tended to 1024-tile designs where rows extend from R1 to
R8 and columns extend from C1 to C8 as shown in Figure
1(c). The radix for the wired router is 5 and wireless router
is 6 from before and the maximum diameter is still 4 for
even a 1024-tile configuration but with more latency due to
token contention. It should be noted that as we have scaled
the topology, we assume that higher bandwidth is available
for row and column communication i.e. 16 channels at 32
GHz for a maximum of 512 Ghz. The objective of our pro-
posed HCWiNoC is to provide a scalable interface such that
we can scale the architecture from 64 to 1024 with identical
router microarchitecture and scalable channel bandwidth.

3.2 Channel Modeling
The antennas used for WiNoCs represent a critical part of

the link, as they act as the transducers from guided waves to
propagating fields. The environment in which the antennas
are placed also has a strong influence on the characteris-
tics of the resulting channel seen by the transmitted wire-
less signals. This channel can be lossy, and also distorting.
Two key antenna parameters are (1) the impedance match,
which quantifies how effectively the antenna radiates (or re-
ceives) the signal presented to it; (2) the gain, which deter-
mines how the antenna scales the incoming signal, and the
antenna’s directionality. The proposed antenna system de-
sign, simulated in Ansys’s HFSS, consists of five monopoles,
four on each corner and one at the center of the chip. The
size of the chip is 20 mm by 20 mm, and the antennas reside
atop the topmost metallization layer of the chip, and are en-
closed within a box covering the chip. The corner monopoles
are a wavelength (at their designed center frequency) away
from both sides. The vertically polarized monopoles are de-
signed such that the length to diameter ratio is small (2.5)
to offer more broadband characteristics. The design also
includes four pairs of horizontally polarized printed dipoles
on a 100 µm thick polyamide substrate that lies above a
100 µm metallic ground plane. The dipoles, 1.5λ apart (at
their designed center frequencies), are aligned along two per-
pendicular lines at the middle of the chip forming a “cross”
shape. Figure 2(a) depicts the design.

Figure 2(b) shows channel attenuation vs. frequency for
three unique monopole-to-monopole channels. If we define
bandwidth as the range of frequencies where insertion loss
variation is less than 2 dB, we find that for the side-to-
side channels, the maximum single channel bandwidth is
around 10 GHz (150-160 GHz). For the diagonal chan-
nels, the maximum available single channel bandwidth is
20 GHz (145-165 GHz) and for the center to corner channel,
the maximum available single channel bandwidth is 15 GHz
(135-150 GHz). Monopole return loss is below -10 dB for
the entire frequency band. Table 1 summarizes an example
transmission/reception scenario that maximizes the attain-
able throughput using both monopoles and dipoles (dipole
performance and monopole/dipole isolation not included for
brevity). The additional bandwidth provided by the dipoles,
12 GHz, represents a 40 percent increase in bandwidth over
the 30 GHz total frequency range, this is very promising.
Given the throughput of 32 Gbps in our 30 GHz bandwidth
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Figure 2: (a) Top view of the design with inset show-
ing cross sectional view, and (b) Insertion losses vs.
frequency for monopole antennas.

(135-165 GHz), this is a spectral efficiency of > 1bps/Hz. By
tuning additional antennas and placing them in the remain-
ing spaces on the chip, we should be able to replicate this
spectral efficiency with other “subnetworks”. For example, if
our total available bandwidth were 80-200 GHz, we should
be able to attain an aggregate throughput of 128 Gbps.

Table 1: Monopole + dipole network channel band-
width and throughput. (“H” denotes dipole, hori-
zontal polarization).

Tx Rx Channel Datarate
(GHz) (Gbps)

(Monopole network with four 20 20
5 Gbps channel 145-165 Ghz)

2H 1H 3 3
4H 3H 3 3
5H 6H 3 3
7H 8H 3 3

3.3 Transceiver Design
The WiNoC’s transceiver architecture considered in this

work is based on mm-wave CMOS technology that benefits
from rapid advances in device scaling that result fT > 200
GHz transistors and low-loss RF back-end processes for pas-
sives. As a result it is possible to design today mm-wave cir-
cuits in 100GHz range using 65nm CMOS technology offered
by many fabs [1]. To satisfy many of the design targets for
WiNoCs, we adopt simple OOK architecture which is opti-
mized for 80-120GHz operation with either 4 or 8 dedicated
channels capable of 10Gbps or 5Gbps transmission each in
any given direction and router.
Transmitter: Figure 3(a) shows the block diagram of the
compact transmitter consisting of on/off keyed (OOK) volt-
age controlled oscillator (VCO) modulator and power am-
plifier (PA). To achieve higher oscillation frequency, push-
push VCO are reported [10]. Figure 3(b) shows the archi-
tecture for the VCO+OOK modulator. Transistors MN1
and MN2 form the cross-coupled VCO core. The transmis-
sion lines, T1, and T2, and varactor C1, serve as the LC
tank to determine the fundamental oscillation frequency of
90 GHz. MN3 and MN4, are the output buffers for the
differential fundamental signals. The second-harmonic sig-
nal is extracted from the center of T1, and T2. The phase
noise of the VCO is determined to be -97 dBc/Hz at 1 MHz
offset for the 90GHz center frequency. The DC power dis-
sipation is 11.6mW. The OOK switching is implemented
in the tail of the VCO by the MOSFET switch MN5 (Fig-
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Figure 3: (a) Transmitter block diagram, (b)
VCO+OOK Modulator and (c) PA circuits.
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Figure 4: (a) PA gain, and (b) PA reflection losses.

ure 3(b)). Figure 3(c) shows the PA. The PA is designed in
65 nm IBM RF CMOS technology. It is a two-stage common
source (CS) cascade design. The CS configuration is chosen
because it provides high gain and output power under low
voltage operation. As we do not require very high gain, the
cascode topology is eliminated for the design as it requires
higher bias voltage (hence consumes more power) and de-
grades the PAE. The S21 of the PA is intentionally reduced
to gain in power efficiency. The ultra-short range on chip
communication does not necessitates high gain PA. The 3-
dB bandwidth is ≥ 20GHz, as evident from Figure 4(a).
The input and output return losses (S11 and S22) are also
obtained from the simulation. The output return loss is 10%
or less for the frequency range of nearly 20GHz, centered on
the 90 GHz frequency (Figure 4(b)) attest to the wideband
application of the PA. The rollet stability factor remains
more than unity for this operating range and the IIP3 is
found to 16.8 dBm respectively. The power-added efficiency
(PAE) of this amplifier is 16% and the DC power dissipation
is 11.3 mW. The total layout area of the Tx is 0.42 mm2.
Receiver: Figure 5(a) shows the block diagram of our re-
ceiver which consists of a low-noise amplifier (LNA) and
OOKDemodulator. Figure 5(b) shows the LNA design. The
LNA designed is a two-stage cascode structure consisting of
four transistors in the combined CS and common gate (CG)
configuration. The source degeneration circuit consisting
of T4 yields in real part wide band inter-stage impedance
matching for maximizing the power transfer between the
stages. The source degeneration also stabilizes the LNA.
The transistor MN3 acts in CG configuration and one of its
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Figure 5: (a) Receiver block diagram, (b) LNA and
(c) OOK demodulator circuits.
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Figure 6: (a) LNA gain, and (b) LNA reflection
losses.

gate is grounded with the aid of the peaking T-line T6 and a
bypass capacitor C2. Along with achieving a near constant
gain by maintaining the flatness, the bandwidth of the am-
plifier is also increased with the aid of this peaking inductor.
A high pass T-network (T7 and C3) is used as the matching
circuit.

The simulation verifies the S21 to vary from 90 to 120GHz,
while maintaining a desired flatness as shown in Figure 6(a).
The gain changes by less than 10% in this frequency range,
attesting to the extremity of the flatness and ultra-wideband
application. The peak gain is observed at 10 dB. The in-
put return loss is 10% or less for the frequency range of
more than 40GHz, centered around the 100GHz as shown
in Figure 6(b). This certainly indicates the ultra-wideband
application of the LNA. The Noise Figure varies from 6dB
to 10 dB in the frequency range. The IIP3 of the LNA is -
6.1 dBm. The unconditional stability of the amplifier is also
verified from the Rollet Stability Factor. The DC power
dissipated by the LNA is 11.8mA. The demodulation of a
non-coherent modulated wave requires an envelope detector.
The DC power dissipation is 3.9 mW. The total layout area
of the Rx is 0.20mm2.
Technology Scaling Trends: Table.2 shows the expected
power consumption with technology scaling, 65 nm design
is from Cadence tool, 90 nm is from published results. 32
nm and 22 nm are projections. It appears that the final
decade of CMOS scaling will result in non-planar (3D) Fin-
FETs with 10-14nm gates with fT ≥ 300GHz, which would
allow us to explore WiNoC designs at higher carrier frequen-



Table 2: Power consumption for different technology
nodes.

Tech (nm) Comp 90 65 32 22

Tx (mW) VCO+OOK 22.3 11.6 5.2 3.8
PA 21.5 11.3 5.1 4.0

Rx (mW) LNA 28.8 11.8 4.2 3.2
Envelope 6.2 3.9 2.4 2.2
Detector

Total (mW) 78.8 38.6 16.9 13.2

cies and broad-band circuits built on improved passives and
3D integrated on-chip antennas. With the introduction of
10 nm independent gate FinFETs to mm-wave CMOS ana-
log design[7, 14], 5mW power barrier could be easily ex-
ceeded. Clearly, technology scaling coupled with device im-
provements will provide us with power in 5-15 mWatt (1-3
pJ/bit) for wireless interconnects. In this paper, we assume
5 mW (1 pJ/bit) as the value for wireless channels.

4. PERFORMANCE EVALUATION
In this section, we evaluate the performance of the pro-

posed HCWiNoC architecture with other electrical networks
such as Mesh, Cmesh and WCube [13] networks for 256 and
1024 cores. In this evaluation, we show results for 256 and
1024-cores using synthetic traffic and future work will ex-
plore real traffic. For open-loop measurement, we varied
the network load from 0.1-0.9 of the network capacity. The
simulator was warmed up under load without taking mea-
surements until steady state was reached. Then a sample
of injected packets were labeled during a measurement in-
terval. The simulation was allowed to run until all the la-
beled packets reached their destinations. All designs were
tested with different synthetic traffic traces such as Uniform
Random (UR), Bit-Reversal (BR), Butterfly (BFLY), Ma-
trix Transpose (MT), Complement (COMP), Perfect Shuffle
(PS), Neighbor (NBR), and Tornado (TN). We compute the
geometric mean (GM) for saturation throughput for the cu-
mulative workload. For fair comparison, every network had
4 VCs per input, 4 flit buffers per VC, for a total buffer size
of 16 per input port. Additionally, we maintained similar
bi-sectional bandwidths for each network by adjusting the
link widths and simulating appropriate delays. We assumed
a packet size of 256 bits consisting of four flits and single
cycle token passing/processing delay. We used DSENT 0.91
simulator for power and area evaluation for different wired
topologies.

4.1 256-Throughput, Energy and Area
Saturation Throughput: Figure 7(a) shows the through-
put for 256-core HCWiNoC architecture as compared to tra-
ditional wired (Mesh, Cmesh) and wireless (WCube) archi-
tectures. For 256-cores, the proposed HCWiNoC has a max-
imum diameter of only 4 whereas the maximum diameter in
Mesh is 30, Cmesh is 14 and WCube is 8. Therefore, the
proposed architecture dramatically reduces the hop count
enabling traffic to move faster between cores. While the re-
duced hop count translates into higher throughput, the av-
erage packet latency is marginally higher than other topolo-
gies due to the token implementation. The geometric mean
(shown as GM) indicates that the network has 2X through-
put compared to other topologies.

Energy per bit: From the energy per bit Figure 7(b), it
can be seen that the highest energy consuming topologies
are wireless interconnects. In this paper we have consid-
ered wireless energy to be 1pJ/bit. Although the proposed
network has lower link and router energy per bit, it has
a higher energy per bit due to utilization of more wireless
links. HCWiNoC topology has multiple wireless hops (row
and column communication) to reach any destination which
increases the energy consumption. Dynamic voltage and fre-
quency scaling (DVFS) techniques can be adopted to further
reduce the energy consumption where transceivers can scale
the voltage based on utilization.
Area: It can be seen that the area overhead for the pro-
posed network is highest (89% higher than Mesh which is
considered as the baseline). Although WCube uses wireless
transceivers, the number of wireless router hubs used is 4
wherein the proposed design 16 wireless router hubs have
been used. When only the router area is considered, Mesh
has highest area as each core is connected to an individual
router. In case of wireless link, a fixed transceiver area of
0.62 mm2 (transmitter area 0.42 mm2 and receiver area 0.2
mm2) has been assumed based on 65 nm synthesized cir-
cuits. Technology scaling will impact both energy per bit as
well area overhead.

4.2 1024-Throughput, Energy and Area
Saturation Throughput: From the throughput graph for
1024 cores as shown in Figure 8(a), we observe that the sat-
uration throughput of our design remains almost the same
whereas the throughput for other topologies decrease due
to lack of scalability. By ensuring that the diameter/radix
of the network remains constant while delivering high band-
width, we guarantee that HCWiNoC is more scalable in per-
formance.
Energy per bit: From the Figure 8(b), it can be seen
that the energy per bit of the proposed 1024 core architec-
ture is lower than WCube which is opposite of the result
for 256-cores. This is because the the number of hops for
WCube (hypercube) increases to 10 whereas HCWiNoC re-
tains constant diameter. Therefore, HCWiNoC reduces the
energy/bit by 20% when compared to WCube.
Area: Since WCube is built on Cmesh, it has a higher area
than Cmesh for wireless routers. The area of HCWiNoC has
increased as the number of wireless router increases with the
number of cores.

5. CONCLUSIONS
In this paper, we show the design and implementation

of an end-to-end HCWiNoC architecture that can scale to
1000 cores. We design our transceivers in 65 nm technology
node using RF-CMOS from IBM wherein we achieve 36.7
mW for our transceivers at 5 Gbps, which translates to 7.3
pJ/bit. Using published results from 90 nm and technology
scaling trends, we extrapolate to show that we can achieve
1-3 pJ/bit in future technology nodes (22 nm). Unlike prior
work that has either ignored the impact of multi-channel in-
terference or assumed a single operating channel, we show
the impact of having multiple antennas for transmitting and
receiving with realistic casing surrounding the chip surface.
The insertion loss and delays indicate that it is possible to
use 80-200 GHz spectrum for WiNoC applications. With
limited spectrum, we design row-column WiNoC architec-
ture where wireless channels are shared via tokens and wired
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Figure 7: (a) Saturation throughput, (b) energy/bit and (c) area overhead for 256-cores for various synthetic
traffic and wired and wireless topologies.
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Figure 8: (a) Saturation throughput, (b) energy/bit and (c) area overhead for 1024-cores for various synthetic
traffic and wired and wireless topologies.

channels are employed for shorter distances. Our cycle-
accurate simulation results on synthetic traffic for 1024 cores
indicates that we can double the throughput while consum-
ing 20% lesser power than state-of-the-art WiNoC architec-
ture.
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