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Abstract: The performance of traditional NoC architecture is limited in terms of throughput, delay and power
consumption due to multi-hop wired links. The Wireless Network-on-Chip (WiNoC) has demonstrated their
advantages as an emerging interconnect and communication architecture for the new-generation multi-core
systems. In this work, we systematically analyze the propagation path of hybrid WiNoC under two on-chip
antennas. Based on the deduction of reflection coefficient using 3-D Descartes coordinate system and the ray
tracing, we model the intra-chip wireless propagation channel for hybrid Wyncote ensure the reliable
communication, we evaluate the Bit-Error-Rate (BER) performance, delay spread and coherence bandwidth.
Especially, the simulation based on the model shows that the Signal-Noise-Ratio budget at the end of receiver
must be greater than 15 dB to ensure the BER performance for the on-chip wireless communication. It also
demonstrates that the path loss for optical on-chip antenna could be improved about 6dB by elevating the height
of antenna pairs. The channel coding scheme used for improving the system performance has been analyzed in
detail. Besides, we propose an adaptive power control mechanism to maintain high performance by making a
balance between BER, operating frequency and transmitted power.

Copyright © 2013 IFSA.

Keywords: Wireless network-on-chip, Multi-path propagation, On-chip antenna, Path loss, Transmission
coefficient.

1. Introduction been shown to be unable to supply SoCs with both
sufficient bandwidth and low latency. Network-on-

As the feature size of transistors is scaling down, Chip (NoC) has emerged as a promising
chip designs are moving towards integrating a large interconnection architecture and communication
number of IP cores onto a single die or System-on- platform for complex SoCs [1-2]. Although various
Chips (SoCs) to satisfy the individual and topologies for NoC have been proposed to advance
multifunctional demands. The performance of SoCs the design of the inter-core communication

will be limited by the ability to efficiently  infrastructure [2], the data exchange between two
interconnect I[P cores to accommodate their distant blocks causes high latency and power
communication requirements. Due to the stringent  consumption arising from multihop communication.
power consumption limitation, the shared-bus has  According to the International Technology Roadmap

86 Article number 1291


http://www.sensorsportal.com

Sensors & Transducers, Vol. 155, Issue 8, August 2013, pp. 86-97

for Semiconductors (ITRS) in 2011, for the long
term, metal material innovation with traditional
scaling will no longer satisfy performance
requirements of future designs and new interconnect
innovations are needed [3].

Recently, several different emerging interconnect
technologies have been considered to solve the
performance limitation due to long range multi-hop
wire line links. To provide ultralow latency and low
power, the express virtual channels between selected
nodes by inserting long range links in the a regular
mesh networks is introduced in [4, 6]. It is shown that
by using express virtual channels to connect distant
cores in the network, it is possible to improve the
NoC performance in terms of throughput, delay and
power consumption. The performance of NoC is
further improved by using global Lines for flow-
control signals [5]. However, such solutions are
difficult to alleviate the problems of skew, jitter and
delay caused by long wired communication channel.
Although these seem to be good methodologies that
significantly improve performance when compared
with a traditional wired NoC, it is not enough if the
number of nodes increases to thousand or more. In
addition, 3D integration using through silicon vias
(TSVs) is adopted as a popular design methodology
to reduce the latency and hops [7]. Despite their
advantages, 3D NoC bring the new process
challenges, such as finite thickness of IC, inter-layer
contact patterning and low yield caused by vertical
via failures. The heat dissipation caused by increased
power density in 3D structure is also a serious
problem. During to traditional wired interconnects
based only on TDMA for data transmission, a new
interconnect scheme named Radio Frequency
Network-on-Chip (RFNoC) by using modern
multiple access algorithms including CDMA, FDMA
and microwave transmission line (MTL) to boost the
bandwidth has been proposed [8, 9]. Although the
channel has many benefits by inserting long on-chip
multi-band MTL between distant blocks and also
uses existing CMOS technology, it still require the
long transmission lines to work as the wave guides.
Optical interconnect NoC as a revolutionary
approaches to improve performance in terms of
bandwidth latency and power consumption [10, 11].
Despite optical interconnect has some advantages as
a viable interconnect option, the optical modulators
and detectors need much deeper investigation.

Wireless interconnect has been introduced to on-
chip communication first in [12] for distributing
clock signals. Then wireless interconnect has many
advantages by comparing with other interconnects in
[13]. Soon after a new on-chip communication
system, dubbed Wireless Network-on-Chip (WiNoC)
has been proposed in [14]. Since the achieved
transmission range of UWB-based antenna is about
1 mm [15-17], which means in a chip whose area is
20 mm x 20 mm, this technology principally gives
rise to multi-hop communication when transmitting
data. Inspired by this wireless communication
scheme, the chip multi-processors (CMPs) have more

performance gains by using a scalable micro WiNoC
interconnect structure [18]. In many cases, the
additional latency of on-chip interconnects can have a
significant impact on system performance. To further
improve the performance of WiNoC, multi-hop
wireless channels are replaced by inserting single-
hop long-range wireless links [20-26]. Mass
experiments show that WiNoC by using on chip
antenna outperforms its more conventional wired
counterpart [20, 21, 23], such as wired NoC, RFNoC,
ONoC and so on. Thus it can be seen that WiNoC as
a emerging interconnect solution has huge potential
compared to traditional NoC to become the
mainstream interconnect architecture and bridge the
widening gap between computation requirements and
communication efficiency for complex SoC system.
The critical difference is the model of propagation
channel between wired NoC and WiNoC.

However, aside from previous work in [25, 28],
the model of wireless multi-path propagation channel
for WiNoC have not been carefully investigated,
despite its importance of intra-chip wireless
interconnect. In order to more accurately simulate
and evaluate the actual performance of system, the
multi-path propagation channel is necessary to be
explored and evaluated carefully for a given WiNoC.
In this paper, we analyze on-chip antenna since it is
the critical component for intra-chip wireless
communication. A system-level model of wireless
multi-path propagation channels for WiNoC is
presented.

The remainder of the article is organized as
follows: Section 2 presents two different on-chip
antennas and their cross-sectional view. Section 3
presents the model of multi-path propagation channel
for intra-chip wireless communication based on the
reflection coefficient using 3-D Descartes coordinate
system and ray tracing. The evaluation and
simulation is reported in Section 4. Finally, Section 5
offers a brief set of conclusions and the future work.

2. On-Chip Antenna for WiNoC

The performance of intra-chip  wireless
interconnect is mainly dependent on antenna as the
critical component for intra-chip wireless channel,
thus we will ultimately need to incorporate antenna
characteristics. Over the past few years, there
considerable efforts have been done in terms of
feasibility, measurement and signal propagation
mechanisms of on-chip antenna for realizing the
intra-chip wireless interconnect [27-34]. The on-chip
antennas could be classified into two categories:
millimeter-wave on-chip antenna operating at GHz
frequency [30-32] and carbon nanotubes (CNTs) as
optical on-chip antenna operating at THz frequency
[33-34]. For the former, the transmission of radio
signal is mainly realized with surface-wave rather
than free-space wave through carrying out a large
number of experiments and measurements [30, 31].
The simulated results show that the dominant
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medium supporting the electromagnetic wave
propagation is the silicon substrate [31]. For the
latter, the carbon nanotubes (CNTs) as optical on-
chip antenna operating at THz frequency transmit the
optical signal at the true velocity of light through
free-space [23, 33-34].

To make integration of on-chip antennas viably
and obtain low-cost, it must be compatible with the

substrate using mainstream silicon technologies. The
cross-sectional views for integrated two different
antenna pairs on silicon wafer with a dielectric layer
inserted between the substrate and heat sink are
shown in Fig. 1(a) [32] and Fig. 1(b).
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Fig. 1. Cross-Sectional View and Multi-Path Channel of WiNoC for Integrated Antennas on Silicon Wafer (a) Integrated
Millimeter-Wave Antenna Pairs Operating at GHz, (b) Integrated Optical On-Chip Antenna Pairs Operating at THz.

3. Modeling of Multi-Path Propagation
Channel

The wireless channel will be largely time
invariant since there will be no motion for intra-chip
transceivers. According to the classical theory of
wireless communication system, the received signal
is the sum of all the possible multi-path signal via a
series of attenuation, time delay and phase shift. The
typical mathematical model for multi-path channels
is discrete multi-path time domain model. The multi-
path channels could be seen as a linear band-pass
filter. The shock response of multi-path channels is
given by:

h(t) = ilaie’j¢'5(t—ri) (1)

where i and N represent the i" path and the total
number of multi-path, respectively; i=0 represents the
first arrival path; trys is relative time delay to the
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first arrival path; a; and ¢, represent the attenuation

coefficient for amplitude and phase for the i path at
the time delay Tgys.

The frequency domain transfer function for multi-
path channels is given by:

+00 . N-1 ) . )
H =[S e
i=0

The received multi-path signals will produce time
delay. The Root-Mean-Square Delay Spread (RMS-
RDS) weighted proportional to the energy in the
reflected paths is given by:

V-1 , N1 ,
Trus = \/Z pT, - (z p,T) 3
i=0 i=0

where




Sensors & Transducers, Vol. 155, Issue 8, August 2013, pp. 86-97

The maximum data transfer rate depends on root-
mean-squared delay spread trys, which is the root-
mean-square value of the delay of reflections,
weighted proportional to the energy in the reflected
waves. It will induce the frequency-selective fading
and inter-symbol interference (ISI) if the data transfer
rate is greater than the 1/tpys.

3.1. Path Analysis of Multi-Path Propagation

To evaluate the impact on the performance of
antenna integrated on a silicon wafer, here, we will
carefully analyze the propagation path for two
different on-chip antennas. To the millimeter-wave
antenna pairs integrated on the oxide layer, the four
possible paths for signal propagation as shown in
Fig. 1(a). The path 1 represents the direct path
between two antennas. It is called surface wave
which may suffer attenuation due to the silicon
substrate. The attenuation mainly depends on the
distance  between antennas, frequency and
conductivity. Path 2 is the wave going through the
dielectric layer and reflected back by the metal
chuck. Among all these four paths, path 3 and path 4
are negligible because of the lossy silicon substrate.
In this case, only path 1 and path 2 dominate [35].
The path which travel through the top oxide layer is
neglected because the oxide thickness is negligibly
small compared to a wavelength.

In Fig. 1(a), the electric field of surface wave in
direct path 1 can be listed as [32]:

N

E ur - E %e_ysur.d (4)

where » =o+jp is the complex propagation

constant of surface wave. & and B represent the
attenuation coefficient for amplitude and the
propagation constant for phase shift. d denotes
antenna separation distance.

In path 2, the wave first goes into the silicon
substrate, then into the insulating dielectric layer
(e.g., AIN), and finally is reflected back by the heat
sink to reach the receiving antenna. Similarly, the
electric field formula of the wave in path 2 can be
deduced as:

E _ _

_ [—7-2d,/cosO,] [—jPiy-2d,/cosOz—jr]

Ez __leTzaTaszle A v S
d

6)

where dI and d2 represent the thickness of silicon

substrate and thickness of insulating dielectric

layer. 7; and B, is complex propagation constant in

silicon substrate and the propagation constant in
insulating dielectric layer. T, Ty, Tz, and Ty
represent the transmission coefficients. The

attenuation coefficient « and propagation constant g
are defined as follows:

@ = oI + (=) 11 (6)
p=oJELflr e O

According to above analysis, the total electric
field of the wave for millimeter-wave antenna pairs
operating at GHz frequency is given by

EG-tola/ = Esur + E2 (8)

However, as shown in Fig. 1(b), there are seven
different paths to CNTs as the optical on-chip
antenna in free-space. It has become a viable
candidate to create a vacuum for line of sight (LOS)
communication operating at THz/optical frequency
by elevating the chip packaging material from the
substrate. From the electric field, the total electric
field intensity as a function of transmission distance
could be expressed by:

E, . &E .
Esorar = 7”[6 74 4 Z; L_,.Ro’e b )

where E4 is the electric field intensity of LOS
communication. i represents the i™ surface of all six
surfaces(i.e., Left, Right, Front, Back, Top or Down
surface corresponding to the path 1-L, 2-R, 3-F, 4-B,
5-T, 6-D in Fig. 1(b), respectively) of the chip
packaging. The d is the LOS distance between a
transmitting antenna and a receiving antenna. L; is
the reflection path length traveled by the wave
through the i surface.Ry; is the reflection coefficient
while ray travel from free-space to the i surface of
packaging material. In free-space, where the
attenuation constant « =0, so the complex
propagation constant y =a + j = jf.

3.2. Reflection and Transmission
Coefficient based on 3-D Descartes
Coordinate System

Though there is no moving for the intra-chip
communication, the multipath propagation will be
induced by the reflections of dielectric surfaces.
According to wireless communication system theory,
the received signal could be deduced by reflection
and transmission coefficient based on ray tracing.
The simplified two ray reflection model as shown in
Fig. 2.

Since the angle of incidence g, is difficult to

obtain in reality, 3-Dimension descartes coordinate
system has been adopted to express the reflection
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coefficient. We suppose that the value of descartes
coordinate for Ty antenna and R, antenna are (x;, yi,
z,) and (X, y;, Z), respectively. Here, z, and z, could
be seen as the heights of transmitting and receiving
antenna. H is the height of vacuum packaging above
the oxide layer.
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Fig. 2. Two Ray Reflection Model for WiNoC.

The |/ is the projection of the direct LOS length 4
on the X-Y plane. The direct LOS length d can be
expressed by

d=\JI’+(z,-2,), (10)

where 1:\/()6,‘_ x) +(y,—y,) » the relationship

between distance / and angle of incidence 6 could be
expressed by

[=(z, +z)g0 (11)

The reflection coefficient Ry (i.e., the path 6-D
traveled from free-space to down-surface) and
transmission coefficient Ty, usually depend on the
permittivity & of the surface materials, the angle of
incidence ¢ and polarization mode, are defined as

[36]:

- sin? @,

061/ = c (12)
c0501+\/2—sin20

1

Rye, =

(13)

where Ryps, or Rys1 is reflection coefficient at down
surface for the horizontal or vertical polarization,
respectively. The transmission coefficient for the
horizontal or vertical polarization could be computed
according to the egs. (12) and (13).

1+ R//(L) = T//(L) (14)
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According to the above deduce, so the length of
path 6-D could be expressed as:

L=+ +(z,+z) (15)

Combining eqs. (11)-(13), the reflection coefficient
formula using 3-Dimension Descartes coordinate
system can be deduced as follows:

(z,+2,)- \/(8—2— D2+ 52z, 4+ 2,)°
& &
= (16)
(z,+2,)+ \/(‘9—2— DI+ E2(z) 4 2)
gl gl

ROG/’

22z, + z,>—\/(5—2—1>12 + 582z, 42,
& & &
1 1 1 (17)

L2z w2+ [EopP Sz 4 2))
& & &

06L

The other reflection coefficients (e.g., Ro;~Rys)
and path length (e.g., L1~L5) could be computed as
above.

3.3. Path Loss Model for Wireless
Propagation Channel

In classical antenna theory, the power is directly
proportional to the square of the electric field
intensity. The figure of merit for an on-chip antenna
pair is the power transmission gain between a
receiving (PR) and a transmitting antenna (Pr).It is
represented using Friis transmission formula [33] and
shown in (18):

P, 2 2 2 A
£ =5, =0-|T,HA-|T",|)G,G
PZ- | ZI| ( | zl )( r ) t ’-(4ﬂ'd

e (18)

where I’ or I', is the reflection coefficient for the
transmitting or receiving antenna, respectively. G
and G, are the transmitting and receiving antenna
gain. A and d represent the wavelength based on the
effective dielectric constant ¢ and the antenna
separation distance. o is the attenuation constant. In
free-space, where the attenuation constant 0=0. S,; is
the transmission coefficient.

The path loss for wireless multi-path propagation
is calculated from ray tracing model. To GHz
millimeter-wave antenna pairs, the two-ray path loss
PL; combining egs. (4), (5) and (8) is given by

PL; :(4”)2 d 24,1006 ] [ g2y c0s0y)—j]
ﬂfw'Gz’é V-2 oy J=i a2y c0s8)=]
+T ,
d |
(19)

where Ay, and A are the wavelength of surface wave
and silicon substrate, respectively. T is the products
of transmission coefficient for each layer.
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For the same theory , the path loss PLr
combining the egs. (6), (7) and (9) to the THz optical
on-chip antenna pairs in free-space is given by:

{3/

where A is the wavelength in free-space. According
to eqs. (15)-(17), Ry; and L;could be computed based
on 3-D descartes coordinate system and ray tracing.
G, and G, is the transmitting antenna and receiving
antenna field radiation pattern functions for the "
path.

GG eijﬂ'd//"~ 6 GG eijﬂA/l 2
t0~r0 i —ri

d +;R0i ‘ nL. ’

i

(20)

3.4. Delay Spread and Coherence Bandwidth

The Doppler spread effects arise from the multi-
path propagation are negligible since the fixed
position of transmitting and receiving antenna for
intra-chip wireless communication, however the
delay spread is a very important parameter must
taken into consideration for multi-path channel. No
serious ISI is likely to occur if the symbol duration is
longer than the RMS delay spread. The coherence
bandwidth B, as another important channel parameter
is given by

1
B, =~ @n

T Rrus

The receiver will not identify the symbol
correctly as propagation channel producing serious
signal distortion and high BER if the symbol rate is
bigger than the coherence bandwidth B. Channel
coding mechanism and equalization technology are
needed to solve the ISI if the maximum symbol rate
R, is bigger than the coherence bandwidth B..
However, these measures are beyond the scope of
this paper. The B, is easy to obtain according to eqs.
(3) and (21) for two different on-chip antenna pairs.
The maximum symbol rate R;is less than B..

3.5. SNR and BER Performance of WiNoC

The performance for hybrid WiNoC system
depends on the signal-to-noise ratio (SNR) and BER.
It is found that the signal is distorted by the thermal
noise and switching noise within the packaging [28].
The SNR for the receiver is defined as

E
rb S (22)
N,+ S,

SNR =
where N, and S, represent the power spectral density
of thermal noise and switching noise. However, the
wireless channels are in very high frequency band
and the switching noise coupled to the antenna is

common-mode, thus the intra-chip switching noise
power spectral density to the WiNoC is negligible.

In equation (22), the average energy per bit at
receiving end, E,, , is calculated as [28]:

Erb=Etb+Gtr+Gr’ (23)

where £, is the transmitted energy per bit, G, is the
average value of the transmission gain between the
transmitting and receiving antennas, and G, is the
gain of the receiver.

The thermal noise power spectral density, N, , is
calculated as

No=KT,F = KT (=424 F,), (24)

where K is the Boltzmann constant, 7, is the room
temperature taken as 290 K typically, T e 1 the
temperature of antenna assumed to be 330 K, and F,
is the receiver noise figure (taken as 4 dB generally).
This assumption is supported by a recent study of
CMOS integrated circuit.

The wireless channels for WiNoC have different
bit-error rate function at different modulation mode
(e.g., OOK, BFSK, BPSK). The on-off keying
(OOK) and binary phase-shift keying (BPSK) are
usually adopted with respect to wireless channels for
WiNoC [21, 25-26].

To simulate a WiNoC system, some necessary
changes should be made since there are differences
between the WiNoC and NoC architectures, such as
the channel's character, number of nodes,
combination of protocols (intra- and inter- subnet)
used in the system and routing algorithms. Still, there
is no general simulator for WiNoC for public use.

Establishment of accurate wireless channel model
has important guidance values for dynamic power
management of wireless link, obtaining low bit-error
rate, overcoming inter-channel interference (ICI)
and ISL.

4. Simulation Results and Discussion
of Wireless Multi-Path Channel Model

In this section, we simulate and analyze the
characteristics of the proposed on-chip wireless
channel model, including reflection coefficient versus
distance, path loss as a function of operating
frequency or distance, and the comparison of BER
under different coding. The BER performance has
been greatly improved by making a trade-off between
operation frequency and transmitted power.

4.1. Reflection Coefficient Versus Antenna
Separation Distance

According to egs. (10)-(17), it can be seen that the
reflection coefficients depend upon the dielectric
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constant &, and the optical antenna separation
distance d. The simulation results are illustrated in
Fig. 3(a) and 3(b).From the Fig. 3(a), we can observe
that the value of R, is negative and decrease
significantly with distance, and also the R, pass
through the zero and decrease with the distance at
different value of ¢,. The R tends to be negative only
when separation distance is large enough, e.g.,
4-7 mm.

Since the current in vertical polarization way is
less than that in horizontal polarization way, the
vertical polarization is adopted to reduce propagation
attenuation induced by the dielectric surfaces in this
experiment. Fig. 3(b) shows that the variation of the
reflection coefficient over the 20 mm x 20 mm die
area using vertical polarization. It's evident that the
value of R, increases with the ¢,=¢,/%; and decreases
with the optical antenna separation distance.
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06 T T I

Odb--% . ----------- — —— Wertical Polarization £ =3.9

Harizontal Polarization sr=11.9 i

0.2 R

—+— Vertical Polarization £=11.9

Reflection Coefficient

(@)

=
n
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)
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0 Distance (mm}
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Fig. 3. Simulated (a)Horizontal polarization and Vertical

polarization versus distance d, and (b)Vertical polarization
versus distance and ¢,=¢/¢;.

4.2. Path Loss Versus Distance, Antenna
Height and Frequency

Fig. 1(a) shows that the oxide layer of thickness
2 pm was grown on the silicon substrate and a
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dielectric layer was used at GHz frequency to
improve isolation and attenuation. The path loss for
wireless propagation channel as a function of
separation distance between antennas has already
been shown in Fig. 4 according to egs. (19) and (20).
Fig. 4(a) and 4(b) show that the path loss increase
obviously with separation for both millimeter-wave
on-chip antenna and CNTs as optical on-chip
antenna. It’s found that the path loss could be
reduced about 12 dB on average by increasing the
resistivity of silicon substrate from 2 Q-cm to
5 kQ-cm.
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Fig. 4. (a) Path loss versus distance for different silicon
substrate resistance at GHz frequency; (b) Path Loss versus
distance and height of optical on-chip antenna operating
at THz frequency; (c) Path loss versus sum of height
of transmitting and receiving antenna pairs.
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As illustrate in Fig. 4 (b), the path loss of on-chip
optical antenna varies with dielectric constant and the
sum of the height of transmitting and receiving
antenna pairs. It's feasible to improve the path loss
about 6-10 dB on average by increasing the height of
antenna pairs and using low-loss dielectric layer .

Moreover, from Fig. 4 (c) it can be observed that
the path loss in THz frequency range could be
improved about 6 dB by elevating the height of
antenna pairs from 0.6 mm to 2 mm. But this
improvement is achieved at the cost of area overhead.

Besides those, the path loss as a function of
frequency for two types of on-chip antennas, biased
on full electromagnetic-wave simulation software,
Ansoft HFSS, are illustrated in Fig. 5. High
resistivity silicon substrate (p = 5 kQ-cm) is used for
the simulation of wireless channel. As can be seen,
the path loss doesn’t always increase with the
frequency for the millimeter-wave antenna. From the
simulation results in Fig. 5 (a) it is observed that the
gain is high in the window’s region. It suggests that
the operating frequency of on-chip wireless
communication should be allocated within the high
gain window for achieving better performance.
Furthermore, it is found that the transmission gain
decreases with distance especially in window’s
region and increases obviously with the frequency
range of 10-28 GHz.

As can be seen from Fig. 5 (b), the path loss in
THz frequency range versus distance goes through
ups and downs and has many minimax values as a
result of the interaction between in-phase and anti-
phase of reflection paths. It also demonstrates that the
path loss doesn't present window’s region because
the THz operating frequency is far beyond the
resonant frequency of antenna.

4.3. RMS-RDS and Coherence Bandwidth

Apart from path loss, delay spread is another
important factor for an on-chip wireless propagation
channel. In an on-chip wireless communication
system with high bit rate, the reliability and
efficiency will be reduced as frequency-selective
fading and ISI. As can be seen from Fig. 6, the Tpys
and coherence bandwidth B, for optical antenna using
vertical polarization as a function of distance don’t
always increase or decrease with symmetric distance.

It’s apparent that while distance is approximately
equal to 10.8 mm, the maximum of the gy is about
3.03 ps, and also the B, shows the minimum under
the maximum of 1z;,5. Moreover, the tzys for WiNoC
using optical antenna is less than that for WiNoC
using millimeter-wave antenna [29]. Furthermore, it
proved that the signal propagation through free-space
for optical on-chip antenna is fast than that through
silicon-substrate for millimeter-wave antenna.
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g0 &0 70 80 @0 100
Frequency (GHz)

(@)

Path Logs (18)

S0

E 4 5 E} 10 1z 14 16 18 20
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Fig. 5. (a) Gain versus frequency for different separation
distance at GHz frequency (b) Path Loss versus frequency
operating at THz.

=
R

Delay Spread Trnis ps)

Coherence Bandwidth BC (THz)

i
o2 4 6 g m |

Distance {mm)
Fig. 6. Delay spread and B, versus separation distance
for optical antenna using vertical polarization.

4.4. Simulation and Discussion of SNR and
BER

To further estimate the characteristics of the
proposed on-chip wireless channel model, the BER
performance is must be considered. The BER of the
wireless communication for WiNoC is totally
determined by the SNR of the receiver. Especially,
the coding scheme and SNR must be analyzed to
ensure the quality of service QoS for supporting low
BER communication.
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The simulation based on Simulink software was
carried out to estimate the BER performance. Fig. 7
shows the block diagram of on-chip wireless
communication system. The modulated data go
through both AWGN and Wireless Multi-Path
Channel. In our simulation, we assumed that the
output power Pt is set to be -15 dBm for the
transmitter, and the thermal noise of substrate is set
to be 174 dBm/Hz. Thus, the SNR at the end of
receiver can be calculated as:

SNR=P-PathLoss-(-174)-NF-10logB (25)

where NF is the noise figure of the receiver including
LNA and Mixer. B is the bandwidth.

The required SNR was adopted for the targeted
BER of 10", which is the BER of traditional RC
wires [18]. Fig. 8 (a) illustrates the BER performance
of on-chip wireless modulation/demodulation system
with different coding methods and without coding,

while silicon substrate resistance is equal to 5 kQ-cm.
As shown in Fig. 8, it’s evident that the RS or
Hamming coding scheme improve the BER
performance, especially when the SNR is greater than
5 dB or the separation distance is less than 20 mm.
From the point of communication distance, it
suggests that it’s very suitable for the hybrid WiNoC
by inserting long-range wireless links in place of
multi-hop wire line links. So, it becomes essential to
apply channel coding scheme as simple as possible
for improving the BER performance of WiNoC.

As illustrated in Fig. 9, we can observe that the
BER performance will be improved significantly by
increasing the operating frequency from 10 to
20 GHz. Again, simulation in Fig. 9 indicates that
channel coding scheme offers a great advantage in
term of BER performance improvement especially
when the SNR value at the receiver is higher than
5dB.

Random Integer || Channel POWIeI
Generator | Encoder Modulator Amplifier *
Transmitter
AWGN
BER v
Estimation er.eless
Multi-Path
: Channel And
' Receiver Antennas Model
i Channel < ] LNA [
{| Decoder Demodulator

Fig. 7. Simulation block diagram for wireless modulation/demodulation system.
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-15 -10 -5 u] =1 10 15
SHR(HB)
(a)

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 30

T |
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—+— BER-Hamming(7 4)
—8— BER-RS({7 3)
BER-Mo channel coding

-5
a & 10 15 20 25 30 35
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(b)

Fig. 8. In GHz frequency range (a) BER performance versus SNR, (b) BER performance
and SNR versus separation distance.

4.5. A Trade-off between BER, Operating
Frequency and Transmitted Power

As can be seen from Fig. 8(b), although the
maximum communication distance of hybrid WiNoC
is less than 28 mm, the BER of the WiNoC is less
than 10~ at P=-15 dBm, which is not enough for
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hybrid WiNoC. This value of BER is far higher than
that of traditional wired links (about 10'*). To
maintain the same low BER as wired NoC, from
Fig. 8(a) we can observe that the SNR, budget at the
end of receiver must be greater than the minimum
SNR,.in (about 15 dB).
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Fig. 9. BER performance as a function of GHz operating
frequency at a distance of 10 mm.

Traditionally, in order to ensure enough power
and BER performance for all the transmissions, the
worst-case power loss in the WiNoC is considered,
and the P, is set to a fixed value offering the worst-
case power for the all communication. Thus, it will
causes the changes of SNR within a large dynamic
rang for receiver. This will produce unnecessary
power consumption for some data traffic. As shown
in Fig. 8 and Fig. 9, we could make a direct tradeoff
between BER, operating frequency and transmitted
power to realize adaptive power control. Depending
on the separation distance, it is possible to consume
more or less power and bandwidth to compensate for
the BER. In other words, for a short distance
communication ranging from 0 mm to 5 mm with
high SNR, the transmitter will maintain a low P, and
operating frequency. Likewise, for a a medium-
distance ranging from 5 mm to 15 mm, only the
operating frequency will be increased. For a long
distance that is greater than 15 mm, both operating
frequency and P, will be enhanced to ensure the lower
power consumption and BER performance.

5. Conclusions and Future Work

In this paper we systematically analyzed the
propagation path of hybrid WiNoC under two on-
chip antennas, including millimeter-wave on-chip
antenna operating at GHz frequency and optical on-
chip antenna operating at THz frequency. Base on
those analyses, we modeled the wireless multi-path
propagation channel for hybrid WiNoC. Especially,
the path loss model has been present based on
reflection coefficient using 3-D Descartes coordinate
system for optical on-chip antenna. To ensure the
reliable communication, the BER performance, delay
spread and coherence bandwidth have been evaluated
in detail. The simulation results demonstrate that the
path loss could be reduced about 12 dB on average

by increasing the resistivity of silicon substrate. It
also shows that the path loss in THz frequency range
could be improved about 6 dB by elevating the height
of antenna pairs from 0.6 mm to 2 mm. Especially to
improve the BER performance, we proposed a
channel coding scheme to realize error control.
Furthermore, through analyzing the influence factors
of BER, the simulation based on the model shows
that the SNR budget at the end of receiver must be
greater than 15 dB. In order to ensure the overall
performance for the on-chip wireless communication.
We proposed an adaptive power control mechanism
by making a balance between BER, operating
frequency and transmitted power.

In ongoing and future investigations, we intend to
evaluate the area and power consumption overhead
under different coding scheme for improving the
BER performance. Furthermore, we will improve the
coding with no handshaking communication to
reduce the communication delay and power.
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