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Univ Rennes, Inria
Lannion, France
joel.ortiz-sosa@inria.fr

Abstract—Wireless Network-on-Chip (WiNoC) is one of the
most promising solutions to overcome multi-hop latency and
high power consumption of modern many/multi core System-on-
Chip (SoC). However, the design of efficient wireless links faces
challenges to overcome multi-path propagation present in real-
istic WiNoC channels. In order to alleviate such channel effect,
this paper presents a Time-Diversity Scheme (TDS) to enhance
the reliability of on-chip wireless links using a semi-realistic
channel model. First, we study the significant performance
degradation of state-of-the-art wireless transceivers subject to
different levels of multi-path propagation. Then we investigate
the impact of using some channel correction techniques adopting
standard performance metrics. Experimental results show that
the proposed Time-Diversity Scheme significantly improves Bit
Error Rate (BER) compared to other techniques. Moreover, our
TDS allows for wireless communication links to be established
in conditions where this would be impossible for standard
transceiver architectures. Results on the proposed complete
transceiver, designed using a 28-nm FDSOI technology, show a
power consumption of 0.63mW at 1.0V and an area of 317 pm?2.
Full channel correction is performed in one single clock cycle.

Index Terms—Wireless Network-on-Chip, Channel Effects,
Multi-Path Propagation, Communication Reliability, Digital
Transceiver Architecture

I. INTRODUCTION

The emerging manycore architecture era comes up with
critical issues in communication latency and power consump-
tion. Network-on-Chip (NoC) was a very promising solution to
solve these challenges. However, with the scaling of advanced
CMOS technologies, the number of cores is continuously
growing. As a consequence, the number of hops needed to
communicate between cores creates a critical bottleneck in
the communication backbone by increasing latency and power
consumption due to large volume data transmission. To deal
with the surge of high performance computing systems and
to overcome this communication bottleneck, new interconnect
technologies, such as 3D-NoC [1], Radio-Frequency Intercon-
nects (RF-I) based on waveguides [2], Optical NoC [3] [4]
and Wireless NoC [5], have emerged.

Although it is true that Wireless Network-on-Chip (WiNoC)
is one of the most promising solutions for the communication
infrastructure of chip multiprocessors (CMP) and multipro-
cessor System-on-Chip (MPSoC), the reliability of on-chip
wireless links is still an important and unsolved issue [6].
Indeed, most of the approaches from the literature estimate
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performance using a very simplistic wireless channel model,
which only considers path loss through free space and Additive
White Gaussian Noise (AWGN). However, a realistic wireless
channel model should consider some of the most important
parasitic phenomena introduced by the physical structures
of the chip (e.g. multi-path propagation), especially, when
communication data rate is aiming at several tens of gigabits
per second.

The main contributions of this paper are as follows:

« We demonstrate, by simulation, the significant degrada-
tion of wireless communications facing multi-path prop-
agation for current Wireless NoC architectures. Simula-
tion is performed by adopting a proposed semi-realistic
wireless channel models, based on the wireless intra-chip
communication literature.

o We study traditional channel cancellation techniques to
improve communication reliability and adapt them to the
on-chip wireless communication context.

« We propose a digital transceiver architecture for each of
the adopted techniques and evaluate their performance,
power consumption and area for a 28 nm FDSOI technol-
ogy and show that this overhead is very small compared
to the gain in communication reliability.

This paper is organized as follows. Section II highlights
the main limitations in the state-of-the-art of current WiNoC
architectures. In Section III, we present a semi-realistic chan-
nel model, while in Section IV, we study the traditional
wireless interfaces used in WiNoC and show their weaknesses.
After introducing some techniques to improve communication
reliability, we propose a new transceiver architecture in Sec-
tion V. Finally, in Section VI, we show some performance
and synthesis results of the proposed architecture before to
conclude in Section VII.

II. RELATED WORK

Wireless Network-on-Chip (WiNoC) was proposed as a
more feasible and promising solution that can scale with
transistor technology and the ever-increasing number of cores
in a NoC [7]. Most of the contributions in the literature
attempt to demonstrate that the WiNoC paradigm can over-
come the limitations of conventional multi-hop NoC archi-
tectures for core-to-core [8], [9], and core-to-memory (e.g.
cache coherency) [10], [11] communications. Many works



have also investigated different network topologies to take
advantage of long distance links [12], [8]. WiNoC can thus
allow for the reduction of energy consumption involved by
transporting information packets through the network routers.
The topology also impacts the total latency and throughput of
the network [7].

Despite all these efforts to propose efficient WiNoC archi-
tectures, the considered wireless channel model is very simple
(i.e., using an additive white Gaussian noise) and therefore
not representative of actual on-chip wireless channels. In
particular, this basic model does not consider the frequency
and time behavior of WiNoC for isotropic antennas, such as
multi-path propagation and bandwidth limitation.

However, few prior works have introduced some interesting
channel features that could be considered for WiNoC simu-
lations. As an example, the authors of [13] give a general
overview of the main WiNoC characteristics considering a
two-ray channel model. Besides, their analysis concludes
that on-chip wireless channel resembles to familiar terrestrial
settings. An analytical channel model is proposed in [14].
This model introduces the concept of molecular absorption
attenuation (MAA), which makes the wireless communication
through the air unsustainable. In any case, both analyses con-
sider multi-path propagation as an unavoidable phenomenon
for intra-chip wireless communications. However, to the best
of our knowledge, there is no work that considers during
performance simulations the significant impact of multi-path
propagation on the reliability of WiNoC communications. In
contrast, the use of highly directive antennas based on carbon
nanotube (CNT) is proposed in [15], which could avoid multi-
path propagation. Nevertheless, CNT antennas are still facing
many challenges to be fully integrated in current chip fab-
rication process. Moreover, with such solution, broadcasting
wireless signals will be hardly achievable without a dense
antenna array. Other research studies around antennas designed
for on-chip communications (e.g., [16], [17], [18]) also provide
relevant information to build more realistic WiNoC channel
models. However, the experimental setup only considers sim-
ple scenarios such as point-to-point communications without
effects of chip package and real multicore context as it should
exist in WiNoC. Effects of wave propagation caused by using
monopole or dipole antennas fabricated on silicon wafer as
well as channel analysis for this simple type of communication
are also proposed [19], [20], [21], [22].

ITI. CHANNEL MODELING

In any wireless communication system, it is very important
to estimate the channel characteristics. Depending on the
channel, the design of the transceiver needs to ensure a certain
degree of wireless link reliability, as well as to reach a trade-off
in design complexity. WiNoC, as a specific scheme of intra-
chip wireless communication, also requires a precise estima-
tion of the channel. The channel must be modeled considering
the parasitic phenomena introduced by the physical structure
and electrical properties of all the components inside the chip,
as well as the chip-package [14]. As a result, building an

accurate model of a WiNoC channel is important but it is
also a complex task.

A wave propagated through a channel can suffer reflection,
refraction and diffraction. Accordingly, waves can be propa-
gated using different media at the same time. This approach
was modeled and validated in [18], creating different ray paths
through the silicon wafer. Besides, Zhang et al. [17] demon-
strated that at least three types of waves on which the signal is
propagated over intra-chip channel must be considered: space
wave (air), surface wave (air-wafer interface), and guided wave
(through silicon substrate). Likewise, their study concludes
that the dominant path is not transmitted by space wave, but
mainly by surface wave.

Furthermore, the resistivity of the silicon substrate is a
very important parameter for intra-chip wireless communi-
cation. Propagating waves through a low-resistivity (p =
10 — 20Q-cm) or a high-resistivity (p > 5kQ-cm) mate-
rial, can significantly affect signal attenuation. Moreover, as
demonstrated in [19], the influence of multi-path fading effects
is more important for low-resistivity silicon substrate and for
shorter distances.

Also, a delay spread was measured for different antennas
(zigzag, meander, and linear) in [17]. It was observed that
the delay spread generally increases with the transmitting and
receiving antennas (T-R) separation, although delay spread for
a specific channel impulse response (CIR) depends on the
surrounding of the T-R pair. For instance, a delay spread for
a distance of 10mm, using zigzag monopole-pair with some
interference structures, is 120 ps.

In this paper, to estimate and analyze the impact of a
semi-realistic channel, the provided simulations are based on
the previously discussed models defined for intra-chip wave
propagation. We consider that a channel impulse response
should include at least two propagation paths for realistic
WiNoC simulations together with Additive White Gaussian
Noise (AWGN). Obviously, the number of paths is dependent
on the symbol duration. For instance, considering a data rate
up to 32 Gbit/s for WiNoCs, the symbol duration will be as
small as 32.25ps, which is four time smaller than the delay
spread for a distance of 10 mm. This indicates that the number
of significant paths could be up to three, each one separated
by a symbol duration.

On the other hand, due to the low complexity of its
implementation, the classical modulation scheme considered
for WiNoCs is On-Off Keying (OOK) with a maximum data
rate of 16 Gbit/s. However, other modulation schemes (BPSK,
QPSK, 16-QAM, etc.) can provide better spectral efficiency
and higher resilience to multi-path propagation, although con-
suming more power and area than OOK.

In order to test the reliability of current WiNoCs facing
multi-path propagation, Fig. 2 represents the Bit-Error Rate
(BER) of an OOK transceiver as a function of the Signal-
to-Noise Ratio (SNR) per bit in various multi-path conditions.
Our simulations consider a two-ray model, and a time-invariant
frequency-selective channel impulse response (CIR) composed
of only two paths (the direct and the reflected paths), separated
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Figure 1: Channel impulse response with @ = 60%
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by a symbol duration, as shown in Fig. 1. Also, the gain of
the reflected path, defined as a percentage of the direct one,
varies from @ = 0% to @ = 60%. As observed in Fig. 2,
the communication starts to degrade rapidly as soon as the
reflected-path gain increases, even with small values of a.
The degradation becomes significant even if the amplitude
of second path is only 30% of the main path. For this
reason, multi-path cancellation techniques and their respective
architectures are required to increase reliability of WiNoC
communications.
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Figure 2: Scaling of BER performance according to the SNR
per bit (Ep/Ny) for different reflected-path gains in the OOK
scheme.

IV. OPTIMIZING THE WINOC COMMUNICATION SCHEME

In this section, we first detail the basic communication
scheme for WiNoCs and then introduce our modifications
to increase communication reliability. Moreover, to overcome
the CIR presented in the above section, we introduce some
techniques used in traditional wireless communication systems
to decrease channel effects.

A. Traditional Wireless Interface

A traditional Wireless Interface (WI) connects a conven-
tional router/switch with the wireless medium. The WI can
be divided into three main parts: antenna, analog and digi-
tal blocks, as shown in Fig. 3. The digital domain mainly
incorporates the channel access token controller and a Se-
rializer/Deserializer. The analog domain includes an On-Off

Keying (OOK) transceiver module, which has a very low
complexity compared to other modulation schemes. There
exist several architectures proposed in literature for the OOK
transceiver, considering coherent or non-coherent detection
[23], [24], [25]. Moreover, power consumption reduction
mechanisms can be applied [5], which would allow to optimize
the power according to the distance.

Wireless Interface
Digital
Domain

i
Router

BBamp ; : P
+ - DESER ] -

Figure 3: A conventional Wireless Interface of a WiNoC.

The communication between the router/switch and the WI
begins with the source core setting the corresponding message
into the Network Interface (NI) module. The NI packetizes
the message by breaking it into several flits (such as header,
payload, tailer). The router/switch is then used to forward the
data flits into the wired interconnection network or towards
the WI, whether the token flow controller (TFC) authorizes the
use of the wireless medium. The data flits will be converted
into a serial data stream using the serializer (SER) block.
Then the OOK modulator adapts the baseband frequency
signal into a high frequency one (carrier frequency). The
signal obtained is transmitted to the power amplifier (PA),
which delivers the required transmitting power. Finally, this
amplified signal is spread through the wireless medium using
a dedicated or shared antenna. In case of a shared antenna,
a nonmagnetic nonreciprocal passive CMOS circulator [26]
allows for full-duplex (frequency-division duplexing) or half-
duplex communication.

At the receiver side, once the signal reaches the antenna,
it is intensified by a low noise amplifier (LNA). Then, a
demodulator shifts the high frequency signal into a baseband
one. The next step is to amplify and filter the serial baseband
signal, which is converted into a parallel data stream of flits
using the deserializer (DESER) block. Finally, considering that
the destination core is connected directly to the router/switch,
the received flits will be conducted towards the NI to retrieve
the message forwarded by the source core.

B. Improving Communication Reliability

To the best of our knowledge, current transceiver solutions
from WiNoC literature do not consider some channel effect
cancellation mechanisms, even during performance simula-
tions. In this paper, we therefore study, simulate and synthesize
traditional channel cancellation techniques adapted to on-
chip wireless communications. One reasonable hypothesis of



this work is that the WiNoC channel is time invariant. This
characteristic prevents the use of complex adaptive filtering al-
gorithms for WiNoC communications. Finally, the theoretical
and mathematical approaches of each considered technique is
obtained from [27].

1) Equalization Techniques: are widely studied in con-
ventional wireless communication to compensate for Inter
Symbol Interference (ISI) created by multi-path propagation.
Equalization can be linear (e.g., Zero Forcing, Minimum
Mean Square Error) and non-linear (e.g. Decision Feedback
Equalizer). The effectiveness of multi-path cancellation varies
widely in practice, according to the type of equalizer applied.
Furthermore, hardware cost and computation complexity are
important issues when equalization is adopted.

In this section we analyze the impact of Zero-Forcing (ZF)
linear equalization, which is less complex than other equaliza-
tion techniques. ZF restores the received signal applying the
inverse of the channel frequency response computed off-line
or on-line. Normally, a linear transverse filter is used when
this technique is adopted. The coefficients b; of the filter can
be calculated in the time domain from the CIR, by resolving
the following matrix system

ho 0O 0 0 O bo 0
b hy O - 0 by
P by -1 (1)
R T
hge-r -+ ha i ho b1 0

where h; are the multi-path components of the CIR and & the
total number of ZF filter coefficients is an odd integer value.
As an example following Fig. 1, hp = 1, h; = @ and h; = 0,
Vi=2...k—-1.

The impact of using the ZF technique is simulated with
different number of coefficients (i.e., taps) k using the CIR
with @ = 60% as defined in Section III. As shown in Fig. 4, the
multi-path cancellation efficiency improves with the number
of coefficients. However, a large number of taps occupies sig-
nificant area and consumes a relatively high amount of power,
especially when computed at high frequency. Furthermore,
even with a large number of coefficients, the simulated BER
will never match the theoretical OOK BER. This phenomenon
occurs because the zero-forcing equalizer amplifies the noise
power during the signal filtering process.

2) Direct Sequence Spread-Spectrum (DSSS): is a trans-
mission technique used in wireless network communications
where a data signal at the sending node is combined with a
code sequence (e.g. Gold sequence, M-sequence, Hadamard
codes) running at high frequency, the chip rate. DSSS com-
bines users’ data based on a spreading factor (SF) defined
as the chip rate divided by the symbol (data) rate. The main
advantages of DSSS are a resistance to jamming and inter-
ference, less background noise, and a certain degree of multi-
path resilience depending on the code sequence characteristics.
Furthermore, DSSS allows for multiple users to access the
same channel simultaneously in synchronous or asynchronous
mode. In the WiNoC literature, this technique was adopted by
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Figure 4: Demodulation performance BER according to the
SNR per bit (E,/Ny) using Zero-Forcing equalizer with dif-
ferent number of filter taps.

[28], demonstrating promising results over conventional NoCs.
However, simulations and performance estimations provided in
[28] were only considering an ideal wireless channel.

3) Time-Diversity Scheme (TDS): implies that the same
data is transmitted repeatedly at different time schedule. Thus,
considering a channel with multi-path propagation, there are
multiple copies of the same signal transmitted according to
the number of multi-path components. Therefore, as depicted
in Fig. 5, DSSS also takes advantage of this characteristic
assuming L correlators between the input data signal y(¢) and
code sequences delayed by i = 0...L — 1 chip periods. The
correlator outputs are combined using a diversity combining
rule with their respective weighting coefficients (G;). On the
other hand, since this technique collects the energy from the
received signal components to provide diversity, it is often
called the RAKE receiver.

Rake Receiver

2nt correlator i i
or matched filter ‘.Dlve rs I-t {9 L(t )

Rule

N-th correlator
or matched filter

To various correlators

Figure 5: Diversity demodulator for spread-spectrum signals
over multi-path channels.

V. ARCHITECTURE OF THE WIRELESS INTERFACE

This section presents the WiNoC and wireless transceiver
architectures considered in this work.



A. WiNoC Architecture

1) Topology: The adopted topology is based on a wired
2-D mesh conventional NoC architecture, divided into N
clusters including a wired sub-network. Each cluster has one
Wireless Interface (WI) connected to a dedicated router/switch,
responsible for providing wireless access to the cores placed
in the same cluster. Fig. 6 illustrates a 20mm X 20mm chip
example composed of 8 X 8 cores. The WiNoC architecture is
divided into N = 4 clusters of 16 cores with a WI located at
the center of each cluster.

2) Wireless Multiple Access: Due to the availability of
multiple channels, the synchronous DSSS technique is adopted
for channelization to achieve simultaneous multiple commu-
nications among the WIs. Each cluster i uses a dedicated
code sequence C; for data transmission and knows the code
sequence of the other clusters for data demodulation at the
receiver side. Besides, we consider that signal synchronization
is performed only once in the WI to open the different
simultaneous channels.
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Figure 6: Wireless interface distribution among a clustered
WiNoC hybrid topology with N = 4 clusters.

B. Wireless Interface Architecture

The adopted WI architecture is similar to the one ex-
plained in Section IV-A. However, the digital domain part
is modified to comply with the proposed techniques. Fig. 7
depicts the global architecture of the digital transceiver, which
is divided into three parts classified by clock frequencies:
low (D, medium ) and high B. Furthermore, zero-forcing
equalization and time diversity scheme are implemented using
DSSS as a baseline architecture. Therefore, in our simula-
tion and synthesis results, we tested three main architecture
configurations detailed in this section and shown in Fig. 7:
DSSS, TDS with DSSS, and ZF with DSSS. Additionally,
DSSS needs an analog-to-digital converter (ADC) block to
distinguish each code-channel. Consequently, to avoid exces-
sive area cost and power consumption, we propose to adopt
a 10 Giga-samples-per-second Time-Interleaved Successive
Approximation Register (SAR) ADC [29] instead of a flash
ADC. This ADC provides eight 4-bit words in parallel at 1.25
GHz corresponding to eight consecutive samples.

Despite the use of serializer (SER) and de-serializer
(DESER) blocks is mandatory in any wireless communication,

previous WiNoC literature rarely details information about
these blocks. Therefore, we propose to adopt a SER/DESER
binary MUX tree topology with half-rate architecture [30],
[31], which uses a 625 MHz half-rate clock source to generate
1.25 Gb/s data rate. In addition, this architecture is a good
compromise between higher data rates and risks of duty-cycle
distortion and clock skew.

1.25 Gb/s '
SER 7 DSSS SER Y
[ e ) & 150

I
625 MHz

Router

TDS+DSSS

d decode
decoder

Conside

Figure 7: Enhanced digital-domain transceiver architecture
with three decoder configurations.

1) DSSS Architecture: is divided into two main functional
blocks: encoder and decoder. Furthermore, the code sequence
adopted in this architecture is a Hadamard binary code on 8
bits (SF = 8). As each cluster has a dedicated code sequence,
the design of the encoder block is very simple. The encoder is
composed of registers whose outputs are arranged according
to the Hadamard code sequence assigned to the considered
cluster.

The decoder, depicted in Fig. 8, is a dedicated block used
to retrieve the information forwarded by other clusters. As a
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Input Data

Z = Corr
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Figure 8: DSSS ,aecoder architecture.

consequence, the decoder is composed of one correlator for
each block with which it communicates, using the respective
code sequence assigned to the considered cluster. As an
example, for the architecture of Fig. 6 with four clusters,
three correlators will be used in each cluster. Each correlator
receives eight 4-bit words D; in parallel from the ADC, with
D; €{0,1,...,15} and j = {0, 1,...,7}. These D; input values
are directly compared with the jth bit of code C; ; related to the
ith cluster. Consequently, the value of D; is turned to negative
if the jth bit is 1, and remains positive otherwise. Then,
the correlator performs addition or subtraction operations to



calculate
Corr =+Dg+ D+ Dy + D3+ D4+ Ds+ D6+ D7. (2)

The final step is to make a decision based on the resulting
value of Corr, using a threshold detector. The optimal thresh-
old value for DSSS with OOK modulation using Hadamard
codes is 0. In our case, the decoder output is 1 when corr < 0
and 0 when corr > 0. This decision operation is simplified
by connecting the sign bit (the MSB as we consider two’s
complement representation) of the resulting value of Corr
directly to the decoder block output.

2) TDS with DSSS architecture: uses the same encoder
block architecture, as explained in the previous section. How-
ever, the decoder, depicted in Fig. 9, increases the number
of correlators used by cluster code sequence according to the
number of significant multi-path components (MPC) estimated
from the CIR. As the architecture is designed using the CIR

Input Data
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: Correlator H Ci, i H VA H Correlator
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G >(X

o je——(X

Output

Decoder Block

Figure 9: Decoder architecture of the time diversity scheme.

studied in Section III with @ = 60%, two correlators are used
by code sequence to retrieve the forwarded information from
one cluster. The first one compares the input values D; with
the jth bit of code C; ; related to the ith cluster and the second
one compares D; with a time-shifted version of C; ;. Then the
correlation results are combined using a diversity combining
rule, called Maximum Ratio Combining (MRC). The MRC
uses weighting coefficients obtained from the CIR to combine
the correlator outputs. Finally, the sign bit (MSB) of the
resulting combination value obtained from MRC computation
is connected directly to the decoder block output.

To illustrate the correlator and MRC operations, Fig. 10
displays one Hadamard code with its one time-shifted version.
These codes are processed by the correlators and the MRC
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Figure 10: Time-diversity scheme optimization.

combiner as follows:

Corrg = —-Dy—Di—-D,— D3+ D4+ Ds+ D6+ D7
Corry = Dog-D;—Dy-D;3— D4+ Ds+ D6+ D7
MRC = GoxCorrg+ Gy X Corry 3)

3) TDS Decoder Optimization: is performed by grouping
the similar bits of the code sequences and their time-shifted
version, as shown in Fig. 10. Generally, Hadamard codes
contain similarities with their time-shifted version. Therefore,
this characteristic is exploited to decrease the number of
operations in a correlator by rewriting Eq. 3 as

Corrg = —Dl—DQ—D3+D5+D6+D7
Corr1 = —D()+D4
MRC = GoX(Corrg+ Corry)+ Gy X (Corrg— Corry)

4) Zero Forcing with DSSS Architecture: uses the same
encoder block as the simple DSSS architecture. The decoder
block, as illustrated in Fig. 11, is composed of three main sub-
blocks: a circular buffer (CB), a ZF filter to mitigate multi-path
propagation and a DSSS correlator with a code sequence. The
coefficient values of the ZF filter are calculated from Eq. 1
using the CIR of Section III with o = 60%.

Output

Input s
Data Circular |: @ 0

Buffer |! H
B [ ey |

. Zero Forcing filter : |

Decoder Block
Figure 11: ZF equalizer with DSSS decoder architecture.

VI. RESULTS

To evaluate the performance metrics of the different tech-
niques studied in Section V, an end-to-end wireless com-
munication system has been implemented for simulation and
hardware synthesis. The effectiveness of each technique is
evaluated adopting the multi-path channel characteristics de-
scribed in Section III. The system under study is first simulated
in MATLAB to estimate the BER performance. Then, the
different architectures are modeled in C/C++ for High-Level
Synthesis (HLS). Each architecture is synthesized to RTL
using Catapult HLS and to the gate level by Synopsys Design
Compiler. A 28-nm FDSOI technology library is used during
hardware synthesis as a target with a supply voltage of
1 Volt. Finally, power consumption is estimated with Synopsys
PrimeTime tool after activity extraction from a back-annotated
gate-level simulation using 3.2 x 10° random input data.

A. Bit Error Rate Evaluation

The end-to-end system modeled in MATLAB considers
a half-duplex communication and consists of four wireless
interfaces to open three code-channels simultaneously. Each
code-channel uses a dedicated orthogonal Hadamard code of
8 bits. The channel model employed in simulation was two-
ray time-invariant frequency-selective channel with AWGN.



The modulation scheme simulated was coherent OOK. The
simulated model considers the quantization noise (QN) added
in the demodulation process by a 4-bit ADC at the receiver
side [32]. The average BER, which considers three parallel
code-channels, is estimated by Monte-Carlo simulation with a
confidence interval of 95%.

Simulation results are reported in Fig. 12 for four different
architectures: DSSS, DSSS with ZF using 3 taps and 11
taps, and DSSS with TDS. The considered techniques are
compared with the single channel simulated BER of OOK
with multi-path using @ = 60%, and without multi-path
channel (OOK Theory in Fig. 12). The results indicate that
the average BER of the DSSS technique, without channel
compensation, stays high even with an SNR per bit of 27
dB. This poor BER performance is due to the impact of the
CIR on the code orthogonality, and consequently on the mis-
detection rate. Nevertheless, associating DSSS with TDS or ZF
improves performance compared with the technique without
compensation. Indeed, part of the channel degradation was
corrected, thus decreasing the mis-detection rate. Furthermore,
comparing ZF filter using 3 taps with the other architectures
on an average BER of e.g. 1076, shows that TDS and ZF with
11 taps improve the SNR by 5 and 8 dB, respectively. How-
ever, despite ZF with 11 taps provides best performance, its
complexity is much higher compared to the other architectures.
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Figure 12: Demodulation performance BER scaling according
to SNR for the considered techniques with @ = 60%.

B. Synthesis Results and Discussion

The different blocks of the digital transceiver as depicted
in Fig. 7 have been synthesized from C/C++ using HLS
and logic synthesis. Digital interfaces with the router are
designed considering a 32-bit bus width, which is serialized
at 1.25 Gbit/s by the 32-bit SER/DESER blocks described in
Section V-B. The DSSS Encoder block encodes each data bit
in a parallel stream of 8 bits, before being serialized at 10
Gbit/s by the 8-bit SER block.

Four different architectures (DSSS, DSSS with 3-tap ZF,
DSSS with 11-tap ZF, and DSSS with TDS) are synthesized

separately. Each architecture configuration is capable to re-
trieve data from N — 1 clusters among N. Synthesis results of
each architecture with N =4 and other blocks of the wireless
interface are summarized in Table I. Codec in the table means
both the encoder and the considered decoder architecture
configuration. The Optimized TDS Codec corresponds to the
scheme proposed in Section V-B3.

The total power consumption of each block reports both the
static and dynamic power consumed. However, static power
represents less than 1% of the total power, mainly thanks to the
28-nm FDSOI low leakage technology. To estimate an accurate
dynamic power, a Pseudo Random Bit Sequence of 4 x 10*
bits is injected into the encoder block, which generates a total
of 3.2 x 10° bits for the decoder block.

The ADC is a key block in OOK transceivers based on
DSSS and filter compensation (e.g. zero-forcing) since it
consumes the bulk of area and power of the WI. Nevertheless,
as performance simulations in literature only consider an ideal
wireless channel, no ADC is used for digital channel compen-
sation. The parallel architecture of time-interleaved SAR ADC,
mentioned in Section V-B, allows to decrease the frequency
for digital filters and therefore to improve power consumption.
Based on [29], Table I also provides area and power for the
ADC block. For reference, figures extrapolated from [33] of
an OOK transceiver are also reported. However, Section III
already showed the poor performance of this transceiver in
case of multi-path CIR.

Table I: Synthesis results (area and power consumption) of the
different Wireless Interface architectures using 28-nm FDSOI.

[ WI Block [ Area (um®) [ Power (mW) |
DSSS Codec 313.18 0.43
TDS Codec 401.63 0.82
Optimized TDS Codec 317.42 0.63
3-tap ZF with DSSS Codec 490.41 0.98
11-tap ZF with DSSS Codec 1967.37 4.04
8-bit Serializer (10 Gbps) 21.8 0.1741
32-bit Serializer (1.25 Gbps) 49 0.04391
32-bit Deserializer (1.25 Gbps) 50 0.044
4-bit ADC [29] 9000 16
OOK Transceiver [33] not specified 20.8

The DSSS codec shows lower area and power consumption
overhead than the other techniques. However, as shown in
Fig. 12, its average BER is lower than for the other techniques
with channel effect compensation. On the other hand, the ZF
with 11 taps shows the best performance in terms of average
BER, at the cost of highest power and area overhead. Finally,
the average BER performance of the Time Diversity Scheme
(TDS) based on the RAKE receiver is situated between ZF
with 11 taps and 3 taps. In addition, the area and power
consumption overhead of the optimized TDS codec is better
than any k-tap ZF codec.

Furthermore, as shown in Fig. 2, decreasing «, the am-
plitude of the second path of the CIR, improves BER per-
formance. Therefore, any technique applied with « less than
60% will enhance BER too. However, the area and power
consumption of each architecture will be approximately the



same (overhead may depend upon the coefficient values), but
the TDS performance will become closer to the 11-tap ZF.
Under these conditions, the TDS technique offers the best
trade-off between BER performance and area/power over the
other techniques.

VII. CONCLUSIONS

Emerging WiNoC communication technology is considered
as a very viable solution for facing scalability and energy
issues in multicore architectures. However, communication re-
liability through a realistic wireless channel cannot be ensured
by adopting conventional transceiver architectures. Therefore,
in this paper, we show the impact of a semi-realistic multi-
path wireless channel over conventional WiNoC modulation
scheme. Our study demonstrates the significant unreliability of
an OOK transceiver, even for a channel with low dispersion. To
overcome this issue, we propose to combine the DSSS coding
scheme with channel compensation blocks. Among the solu-
tions studied, the TDS receiver represents the best trade-off
between bit-error rate performance and area/power overhead,
when compared with different Zero-Forcing equalizers. The
area (and power) overhead of the TDS block for a four-cluster
receiver is only 317wm? (and 0.63mW), which represents less
than 1% (2%) of the wireless interface. Therefore, the gain
in performance of our proposed scheme is significant at the
cost of a very low area/power overhead. The TDS, unlike an
error-correcting code, offers more throughput as the number
of users sharing the wireless channel increases. We believe
that the introduction of the proposed solution opens interesting
scenarios to combat channel effects in WiNoC.
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