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ABSTRACT Recently, hybrid wired-wireless Network-on-Chip (WiNoC) has been proposed as a suitable
communication fabric to provide scalability and satisfy high performance demands of the exascale era of
modern multi/many-core System-on-Chip (SoC) design. A well accepted low-latency wireless communica-
tion fabric for WiNoCs is millimeter wave (mm-Wave). However, the wireless channel of mm-Wave is lossy
due to free space signal radiation with both dielectric propagation loss (DPL) and molecular absorption
attenuation (MAA). This is exacerbated for edge situated cores and in macro-chips embodying thousands
of cores. To this end, this article proposes efficient relaying techniques to improve the signal strength of
the wireless channel in the WiNoCs using on-chip networking approaches under the realistic SoC channel
conditions. First, we propose a realistic relay communication channel for the WiNoCs to characterise both
MAA and DPL which have drastic effect on the performance. We then derive and show that the channel
capacity for a single-relay WiNoC employing Amplify-and-Forward (AF) and Decode-and-Forward (DF)
relaying protocols increases by up to 20% and 25%, respectively, compared to the conventional direct
transmission. The AF protocol outperforms the DF mode for shorter transmissions between the relay and the
destination cores, while the reverse is observed in other conditions. A hybrid protocol is then proposed to
exploit the performance advantages of both relaying protocols to address the unbalanced distance between
the cores, providing the maximal channel capacity close to the cutset bound. Finally, our approach is further
validated in multi-relay WiNoCs where the communications of the remote cores is assisted by multiple
intermediate cores along with the details of associated realistic channel model in emerging many-core SoCs.

INDEX TERMS Channel modeling, cooperative diversity, relay networks, wireless network-on-chip,
WiNoC.

I. INTRODUCTION

With growing and emerging multimedia applications which
require a considerable enhancement of computation and inter-
active functionality, wire-based interconnects between cores
in a Network-on-Chip (NoC) have been shown to be insuffi-
cient to meet the critical requirements of high performance,
scalability and low latency, especially in this technological
era of ever increasing number of cores [1], [2]. In order to
address these issues, various alternative fabrics and archi-
tectures for NoCs have been investigated, such as photonic
NoC [3], [4], nanophotonic NoC [5], three-dimensional NoC
(3D NoC) [6]-[8] and Wireless NoC (WiNoC) [9]-[13].
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Specifically, the WiNoC with its flexibility and scalabil-
ity over the wireless medium is shown to considerably
reduce the propagation delay of intra-chip communications.
By exploiting the high frequency band of up to terahertz [14],
a massive number of wireless cores can be accommodated in
a limited area of WiNoC.

Although WiNoC is well known in literature as a promising
approach to replace the conventional NoCs, an appropriate
channel modelling is required to realise the impacts of the
propagation environment when transmitting electromagnetic
waves at high frequency [15]. The wireless medium within
the chip is shown to have considerable impacts on the com-
munications between the wireless cores in the WiNoC [12].
The operating temperature, ambient pressure and composi-
tions of the wireless medium are all reflected in the channel
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capacity of the WiNoC. In particular, a small increase of the
distance between the cores cause a far lower performance
due to the existence of both propagation loss and molecular
absorption, and hence may limit its application for a number
of cores, some of which are located far from each other [12].
Inspired by the relaying concept in wireless network with
user cooperation [16], [17], in this article, we investigate
the employment of relaying techniques to enhance the com-
munications on a chip. The communication between the far
end wireless cores is assisted by intermediate cores which
play the role as relays in the wireless network. The inter-
mediate cores can employ either amplify-and-forward (AF)
or decode-and-forward (DF) relaying protocols. In the DF
protocol, the relay core decodes the signal from the source
core prior to transmitting to the destination core, while the
relay employing AF protocol simply amplifies the signal from
the source core and forward it to the destination core. It was
shown in [16] that the DF protocol depends on the quality
of the first hop, and thus its diversity is limited to one in the
worst case when the relay cannot decode the signal from the
source. Instead, a full diversity can be achieved with the AF
protocol when the destination receives different versions of
the signal from the source and relay; however, the relay in this
protocol also amplifies and forwards the noises together with
the signals to the destination. Although these two relaying
techniques have been well developed in the literature for
wireless networks, their employment in the WiNoC, to the
best of the authors’ knowledge, has not been investigated.

To this end, the contributions of the work in this article can

be summarised as follows:

« A relay communication channel is proposed for the com-
munications between wireless cores in a WiNoC taking
into account the dielectric material and compositions of
the transmission medium within the chip package, such
as water vapour, oxygen, carbon dioxide, etc. Such mix-
ture of material substance at high frequency causes not
only dielectric propagation loss (DPL), but also molecu-
lar absorption attenuation (MAA) of the electromagnetic
wave travelling between the cores, which consequently
have considerable impacts on the performance of the
WiNoC.

o The channel capacity is derived for a typical single-relay
WiNoC where all links experience both DPL and MAA.
Two relaying protocols, i.e. DF and AF, are sequentially
considered at the intermediate core to assist the com-
munications between two end cores. The impacts of the
channel model on the performance of the relaying in
the WiNoC are firstly evaluated, showing that not only
the distance between the cores as in the conventional
wireless channels but also the ambient pressure and
system electronic noise temperature cause considerable
degradation of the capacity of the relaying channels. It
is shown that the channel capacity of both protocols is
higher than that of the DT, while they are upper bounded
by the cutset bound of the relay channel. In addition,
the physical distance between the cores is shown to have
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considerable impacts on the performance. Specifically,
the AF outperforms the DF protocol when the interme-
diate core is located near the destination core, otherwise
the DF is preferable with a better performance.

« A hybrid DF-AF (HDA) relaying protocol is proposed,
where an intermediate core can perform either DF or AF
relaying depending on its position with respect to two
end cores. The proposed protocol is shown to achieve
the best performance over both the DF and AF protocols
regardless of the location of the intermediate core.

e The proposed HDA protocol is extended for a
multi-relay WiNoC where the communications between
two end cores is realised with the assistance of multiple
intermediate cores. In the proposed protocol, maximum
ratio combining (MRC) is employed at the destination
core to combine the data received from not only direct
link but also relaying links. The channel capacity of the
HDA protocol is derived for the multi-relay channel and
validated through numerical results.

The rest of this article is organised as follows: Section II
reviews the related works on the employment of wireless
cores in WiNoCs. Section III describes the system model
of a multi-core WiNoC with the introduction of relay com-
munication channels between the wireless cores. A typical
channel for the conventional point-to-point communications
in the WiNoC is discussed in Section IV, followed by the
analysis of its channel capacity in Section V. Section VI
derives the capacity of a typical relay channel in the WiNoC
where the intermediate core employs either DF or AF relay-
ing protocols. The proposed HDA protocol is developed in
Section VII for a multi-relay WiNoC. Numerical results are
presented in Section VIII to validate the performance of the
relay communications in the WiNoC and the proposed HDA
protocol. Section IX finally draws the main contributions
from this article.

Il. RELATED WORKS

Recent technological advances makes it feasible to inte-
grate wireless transceivers on a silicon die [18]. Conse-
quently, various contributions have been made in literature
to improve the power and performance efficiency of tradi-
tional wire-based NoCs by augmenting long ranged wireless
channels in the form of mm-wave forming hybrid architec-
tures [19], [20]. Hybrid WiNoCs which benefit from both
the high throughput and power efficiency of both localized
and low latency global data transmission have extensively
been studied in literature [12], [21], [22]. One of the main
challenges with WiNoCs is that wireless channel is lossy
and has high signal-to-noise ratio [12]. In attempt to resolve
the aforementioned issue, Deb et al. [9] proposed an error-
control-coding for WiNoCs. Their work demonstrates that
implementing WiNoCs with joint crosstalk triple error cor-
rection and simultaneous quadruple error detection codes
in the wire line links and Hamming code based product
codes in the wireless links with Carbon Nanotube (CNT)
antennas, improves the reliability of the wireless channel.
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Similarly, ECC and error Control Units have been employed
in [9] and [23], respectively, to improve the reliability of
WiNoCs. However, ECC introduces timing, area and packet
overheads which affects the overall transmission efficiency
of the WiNoC [24]. Alternatively, Lee et al. [24] adopted
an overhearing scheme for WiNoCs. Here, a zero-signaling-
overhearing-and-retransmission is presented to manage the
packet loss along the wireless channel. A checksum-based
error-detection and retransmission scheme at the last hop.
Vijayakumaran et al. [25] proposed an improved filter design
to improve the performance and reduce the error probability
incurred by synchronization delays in CDMA based WiNoCs.
However, the underlying lossy wireless communication fab-
ric results in retransmission of handshake signals, erroneous
packets, especially for global wireless transmissions involv-
ing remotely situated cores.

Inspired by the relaying concept in wireless network with
user cooperation [17], in this article, we investigate the
employment of cooperative networking techniques to tackle
the issue of poor signal strength of global data transmission
along the wireless channel in WiNoCs. The intermediate core
can assist the communications between remote cores using
either DF or AF relaying protocols. In [26], a utility max-
imization framework was proposed to jointly find the best
relay node with opportunistic relay strategy selection and the
best power and bandwidth allocations in cellular networks.
The optimal power allocation for DF and AF protocols was
also derived in [27] for Rayleigh fading channels. Our aim in
this work is to optimize the communication along the wireless
channel for remote cores in WiNoCs to compliment existing
high performance wireless communication fabrics in order to
improve the reliability of the wireless interface of WiNoCs.

FIGURE 1. System model of a multi-core WiNoC package.

IIl. SYSTEM MODEL OF A WINOC

The system model of a WiNoC under investigation is illus-
trated in Fig. 1 where M cores are allocated as in a
two-dimensional grid graph. The transmission between two
wireless cores Cy and Cy, {s,d} € {1,2,...,M}, s # d, can
be realised with the assistance of intermediate wireless cores
{Cr,},rief1,2,...,M}\ {s,d}. It is assumed that each core
is equipped with a single antenna and a half-duplex system is
considered where each core can either send or receive data,
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but not simultaneously. Let #; and dj;, {i,j} € {1,2,..., M},
i # j, denote the height of the antenna at C; and the distance
between C; and C;, respectively.

The wireless communication between two cores is per-
formed at frequency f [Hz] with an allocated channel band-
width of B [Hz] and the material property of the transmission
medium within the chip package is represented by the relative
permittivity (or dielectric constant) €, > 1 [28]. The compo-
sitions of the transmission medium, including water vapour,
oxygen, carbon dioxide, etc., are assumed to be time-invariant
over the transmission of a data frame. It is assumed that
there are N gases {Gi, G2, ..., Gy} in the chip package,
each of which has N,, ¢ = 1,2,..., N, isotopologues
(L1, Zg 2, ..., Iy, N, }. The signal transmission between two
wireless cores in the WiNoC suffers both DPL and MAA
which is caused by dielectric material, molecules and their
isotopologues [12].

IV. CHANNEL MODEL FOR POINT-TO-POINT
COMMUNICATIONS IN A WINOC

In this section, let us consider a wireless point-to-point (P2P)
communication link between two cores C; and Cj, {i,j} €
{1,2,...,M},i #j,in arelay channel. The total attenuation
of electromagnetic signal transmitted from C; to C; consists of
DPL and MAA as follows:!

1) DIELECTRIC PROPAGATION LOSS (DPL)

Let PT’,' [W], PRJ' [W], GTJ‘ and GR’j, {i,j} € {1, 2, ey M},
i # j, denote the transmitted power at C;, received power at
C;, transmitting antenna gain at C; and receiving antenna gain

at Cj, respectively. The received power at C; can be computed
by [29]

_ PT,,'GT,,‘GRJ sin2 (Zﬂhihjf) (1)

Pri=
T omdyf \? vpdij
Yp

where v, [m/s] denotes the phase velocity in the dielectric
given by v, = ¢/ /& [28] and ¢ = 2.9979 x 103 m/s is the
speed of light in the vacuum.?

Letting Ll.(jd) denote the DPL of the link C; — C;, we then
have

@ _ Pri _
l] PR"]

<27td,jf>2 € 5 <2nhl~hjf, /‘e,)
csc .
C GT’,'GRJ Cdl:j

(2)

2) MOLECULAR ABSORPTION ATTENUATION (MAA)
The electromagnetic wave travelling from core C; to core Cj,
{i,j} € {1,2,..., M}, i # jis subjected to MAA caused by

TWhile full details with derived expressions for P2P communications
can be referred to in our preliminary work in [12], a brief introduction
is provided here for completeness of our derived channel model for relay
communications in the WiNoC.

2Note that, different from the wireless communications over the free space
with v, = ¢, i.e. ¢, = 1, the communication between two cores in a WiNoC
is affected by the relative permittivity of the material within the chip, e.g.
€, = 3.9 for silicon dioxide and €, = 11.9 for silicon [30]
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N molecules (or gases) {G1, G2, ..., Gy} within the material
substance, each of which includes Ny, g = 1,2,..., N, iso-
topologues {Z, 1, Zg 2, .. ., Ig,Ng} [31]. Following the same
approach as in [12], the MAA of the link C; — C;, denoted

by L[(ja), can be determined by applying Beer-Lambert’s law as

L=~ =, )

Tij
where 7;; and « [m~!] denote the transmittance of the medium
between C; and C; and the medium absorption coefficient,
respectively. Here, « can be determined by applying radiative
transfer theory [32] to each of the {k;} isotopologues of the

{g} gases, g =1,2,...,N, kgzl 2,... Ng,asfollows:3
CApT (ke 8) gk ) £ (ke 8),
qggSggé o8 ©)

where p [atm], Ts [K], q(kg’g) [%], S%s-&) [m?Hz/mol] and
g*e®) [Hz~!] denote the ambient pressure applied on the
chip, the system electronic noise temperature, the mixing
ratio, the line density of the absorption and the spectral
line shape of (k,, g), respectively.4 In 4), po = 1 atm,
T, = 273.15 K, {g = 8.2051 % 107> m3atm/K/mol and
Za = 6.0221 % 10% mol~! denote the reference pressure,
the temperature at standard pressure, the Gas constant and
the Avogadro constant, respectively. The spectral line shape
gke-8) is given by

{Pv)f
tanh( L )
o) - S 2sTs ) k) )
fla®) gpfis® ’
c tanh 5T

where ¢p = 6.6262 % 1073% Js, £p = 1.3806 % 10723 J/K,
fc(kg’g) [Hz] and vke-8) [Hz~!'] denote the Planck constant,
the Boltzmann constant, the resonant frequency and the Van
Vleck-Weisskopf asymmetric line shape of (k,, g), respec-

tively. Here, f *59 and v can be determined by
kg, kg,
D R ©)
pPo
(kg.8)

vke®) = 100v, L

f { 1
ko, ko, ko,
I e K A R C/AOE

1
n , )
¢ + 1592 4 (ai"g’@)z}

respectively, where fc kg-8) [Hz), §%s-8) [Hz] and aékg -8) [Hz]
denote the resonant frequency of (k,, g) at reference pres-
sure po = 1 atm, the linear pressure shift and the Lorentz
half-width of (kg, g), respectively. In (7), azkg &) is computed
by

T w
o0 [(1 (kgsg))ao+q(kg»g)’3(kg*g)]ﬁ(—o) . ®

po \Ts

3For simplicity, the kg-th isotopologue of the g-th gas is hereafter denoted
by (kg, g), unless otherwise stated.

“4Note that ¢*s-8) [%] and S*s-8) can be obtained from high-resolution
transmission (HITRAN) molecular absorption database [31].
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where Ty = 296 K, ag [Hz], *«® [Hz] and w denote the
reference temperature, the broadening coefficient of air, the
broadening coefficient of (k,, g) and the temperature broad-
ening coefficient, respectively.

3) TOTAL ATTENUATION IN THE PROPOSED

CHANNEL MODEL

Taking into consideration both DPL and MAA, let us denote
by L, {i,j} € {1,2,3},i # j, the total attenuation of the
signal transmission from C> to C|. From (2), (3) and (4), L;;
can be expressed as

2dif \? 27 hih
L; = Ll.(jd)Ll.(j“) :( i “f) GEirGj cscz< il Lfﬁ)

c cdjj

N,
N s uprh gtke: g)5<kg,g)s<kg,g>d,.j

< [T[Te°" 73 . ©)

g=1ke=1

It can be seen in (9) that all the physical parameters of the
antennas deployed on two wireless cores, such as antenna
gain (i.e. Gr i, Ggj), height (i.e. h;, h)), frequency (i.e. f),
the distance between them (i.e. dj;), the chip material and
the compositions of the transmission medium all constitute
the attenuation between the two wireless cores. We have the
following remarks:

Remark 1: It can be seen in (9) that L;; varies as a function
of the relative permittivity of the chip material (i.e. €,). In fact,
when €, — o0, we can deduce L;j — oo which means
that all the data will be lost in a high permittivity medium.
This accordingly reflects the significant impact of the chip
material on the performance of the wireless communications
within a chip package.

Remark2: In 4), « > 0Vg = 1,2,...,N and
ke =1,2,..., Ng, and thus it can be deduced Ll-(ja) > 1 (see
(3)). This means, the MAA in addition to the DPL constitute
the total attenuation in the WiNoC, while the conventional
channel model is generally assumed over the pure air with
no MAA.

Remark 3: The gas composition, the dielectric material,
the system temperature 75 and the ambient pressure p all are
involved in the channel modelling. Specifically, as shown in
(9), Lij monotonically decreases over T, but it exponentially
increases over p.

In summary, the wireless medium within the chip
package has a considerable impact on the P2P com-
munications between two wireless cores in WiNoC,
which will be reflected in the analysis of the capac-
ity of the P2P communications and the relay com-
munications of a general WiNoC in the following
sections.

V. CAPACITY OF POINT-TO-POINT CHANNELS

IN A WINOC

Prior to analysing the performance of relaying in WiNoC,
this section first derives the capacity of the P2P communi-
cations between two wireless on-chip cores in WiNoC. It is
assumed that the communication between two cores suffers
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from additive white Gaussian noise.> At high frequency, e.g.
mm-wave, the channel is highly frequency-selective, and thus
the channel bandwidth can be divided into multiple narrow
sub-bands which can be regarded as parallel channels. The
capacity of the P2P channel in the WiNoC can be derived as
follows:

Theorem 1: The capacity, in bits/s, of a Gaussian P2P
channel between two wireless on-chip cores C; and C;,

{i,j}y € {1,2,..., M}, i #], is determined by

Cii = Al(lPA) 10

v PTI] P;ntjx PT!K]; flogal 1+ Pr v (10
Zk ]PTl[\_PTl

where Af [Hz], Pt i, [W] and A\ denote the width of each
sub-band, the transmission power at the k-th sub-band and
the channel gain at fi, respectively. Here, Ajj i captures the
path loss and receiver noise of the wireless link C; — Cj,
which is given by (11) (see the bottom of the page).
Proof: See Appendix A. U
In Theorem 1, it is crucial to find the optimal power allo-
cated at sub-bands (i.e. {Pr ;, }) so as to maximise the capacity
of the P2P channel subject to limited total power available at
the cores (i.e. Z,’;l Pri = Pr;, i =1,2,3). We have the
following proposition:
Proposition 1: The channel capacity of the point-to-point
communications between two on-chip wireless cores C; and
Ci {i,jt € {l,2,...,M},i+#j, in WiNoC can be obtained as

+
Cyj = ZAf <log2 ”) : (12)

k=1 Yijk

where (x)T £ max{0, x}, Wik = A% and ¥j can be found

by water-filling method such that
K

Z (9 — ‘I’ij,k)+ = Pr,;. (13)

Proof: Thek[;rloof follows the same approach for power
allocation in Gaussian parallel channels. For completeness,
it is provided in Appendix B taking into account the channel
variants in the WiNoC context. U

Notice that the antenna size is much smaller than the
distance between two wireless cores in a WiNoC. The channel
capacity of the P2P channel can be approximated by

Corollary 1: When h; < djj, hj < djj, dij — 0.and G; =
Gi=11{ij} €{1,2,...,M}, i # ], the channel capacity of

5Note that the noise power in our proposed channel model varies as a func-
tion of both distance and frequency which is dependent on the compositions
of the transmission medium within a WiNoC.

the P2P link C; — C; in WiNoC can be determined by

K i +
Ci~ Y Af (log2 i) : (14)

where

tad A [Ts + (Ts + Tokxdy]
h;hy

ik = 15)

and @;j is chosen such that

K

(¢ — @ijk) " = Pr.i. (16)

k=1
Proof: As h; < djj, hj < djj and dij — 0, applying

Maclaurin series [33, eq. (0.318.2)], it can be approximated
that

2m hih; , 27 hih .
sin2<n”fk\/€—)%<n }fk\/€_> (17
cdjj cd,j
K(k g)d1 (kg 2)
l_[l_[ek i 1+ZZ dij = 1 + kdj.
g=1ke=1 g=1 k=1
(18)
After some mathematical manipulations, we have
tgdAS [Ts + (Ts + To)kidj]
Wik ~ Qi = Y (19)

hl?h]?

Substituting (19) into (12) with the assumption of
G; = Gj = 1, we obtain (14). The corollary is proved. O
Let us define y;x = (p” Ay e (1,20, M), i #j,
k =1,2,...,K, as the 51gnal -to-noise ratio (SNR) at the
receiver core C of the link C; — C; at frequency f; and
denote the Gaussian capacity functlon of a point-to- pomt
communications in WiNoC by C(x) 2 Y"K_ 'Af (log, )"
for simplicity. Hereafter, Cj; in (14) can be expressed as

C:/ C(V!/)

VI. CAPACITY OF RELAY CHANNEL IN A WINOC

In this section, let us first investigate a typical relay commu-
nication between three cores in a WiNoC as shown in Fig. 2.
The analysis for the general model will be investigated in
Section VII. We first derive the upper bounds on the channel
capacity of a typical relay channel in a single-relay WiNoC.
Then, two relaying protocols, including DF and AF, will be
presented followed by the introduction of a hybrid DF-AF
protocol that can be considered for a multi-relay WiNoC.

5 GG sin? (—hhiféz_“/a)
N (11)
ik rwdsf N Ne EA Z T gtke 0 5tk 0 £ kg g
twer (Z91) ar | @5+ 1) [T [T 7 -7
g=1ke=1
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FIGURE 2. System model of a relay channel in WiNoC.

A. BOUNDS ON THE CHANNEL CAPACITY

Inspired by the concept of cooperative relay in wireless net-
works, the Gaussian relay channel models are adopted for the
communications between three on-chip wireless cores Cy, C»
and C3 in a WiNoC playing the roles of a source node, a relay
node and a destination node, respectively. As shown in Fig. 2,
in the first time slot, C; broadcasts a data packet x; to both C
and C3. Then, C; processes the data received from C; prior to
forwarding the processed data, i.e. X, to C3 in the second time
slot. The received data packets at C; and C3 can be written by

Y2 = Aqpxy + 1y, (20)
y3 = A13X1 + A2xo +n3, 2D

respectively, where Ay, {i,j} € {1,2,3},i # j, denotes the
channel gains of the links C; — C; given by (11). Here, n; and
n3 are independent circularly symmetric complex Gaussian
noise vectors at cores C, and Cs, respectively, with each entry
having zero mean and variance of 1.

It can be observed in (21) that, with cooperative diversity,
the received data packet at C3 depends on not only the data
packet transmitted from C; over direct link, but also the data
packet processed and forwarded from C,. The cooperation
between two wireless on-chip cores C; and C3 is basically
limited by the bounds of broadcast phase, i.e. C; — {C», C3},
and multiple access phase, i.e. {C, C2} — C3.

Following the same approach as in the derivation of the
cutset (CS) bounds for data flow in graphical networks [34],
[35, eq. (16.4)], the capacity of the Gaussian relay channels
in WiNoC can be upper bounded as in (22) (see the bottom
of the page), where yj;, {i,j} € {1,2, 3}, i #j, is the SNR of
the channel C; — C; as derived in Section IV.

Additionally, it can be noticed that the capacity of relay
channel is lower bounded by the capacity of the direct trans-
mission (DT) between C; and C3 [35, eq. (16.1)], i.e.

C > Cpr = C(n13)- (23)

With a notice that a low-complexity processing is prefer-
able, AF and DF protocols are investigated in this work for

B. DECODE-AND-FORWARD (DF)

In DF protocol, C; decodes the data from Cp, re-encodes
and forwards the data packet to C3 [16], [34]. It is there-
fore required that C; decodes the whole data packet with no
error and C3 needs to combine both the data packet received
from C; and the repeated data packet from C,. The capacity
of the relay channel can be accordingly lower bounded by
[35, eq. (16.6)]

C > Cpr = min{C(y12), C(y13 + y23)}. 24

It can be observed in (25) that the capacity of the DF protocol
depends on the location of the relay core C; in relation to C;
and C3 as in the following cases:

1) Cp near Cy having y12 > y13 + y23:

Cpr = C(y13 + ¥23). (25)

2) C, near C3 or in the middle between Cy and C3 having
V23 = V12t

Cpr = C(y12). (26)

Notice that if C; is very near C3 with y12 & y13, then
Cpr =~ Cpr (see (23)). This means the exploitation of
the relay core is not necessary in this case, and the DT
is preferable achieving the same performance as in the
DF scheme.

C. AMPLIFY-AND-FORWARD (AF)

In AF protocol, C, simply amplifies the data packet receive
from C; and forwarded its amplified version to C3 where both
versions of the packet are combined. The capacity of the AF
protocol can be lower bounded by [16], [36]

C>Csr=C <V13 + Yi2r2s ) .

- 27
yiz+ys+1 @7)

Comparing the DF and AF protocols, let us consider the
following two cases as in Section VI-B, i.e.:

1) Cy near Cy: It can be noticed that for all yi2, 23,
we have
Y12Y23

—————— < min{y12, y23}.
yi2+y3+1

Therefore, from (25) and (27), we can deduce that
Car < Cpr.

2) Cy near C3: From (26) and (27), we can find that
Cur > Cpr when

V12723

the relay communications in WiNoC. yiz + Yoty +1 = Yi2. (28)
2
(V712v23 + vz + vi2 — v23)) .
¢ if y12 > o3,
C <Ccs = Y13+ v12 (22)
C(y13 +v12) otherwise,
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Solving (28), after some mathematical manipulation,
we obtain

- 1+ V(13 + D2 + 4y
5 )

In particular, when C; is located very near to C3, we can
approximate y13 ~ y|2. Given the fact that 13 > 13,
it can be easily proved that the condition in (29) is
satisfied, and thus the AF protocol is dominant to the
DF protocol in this case.
3) C, in the middle between Cy and C3 with y13 & y»3:

With a notice that both y1, and y»3 are much larger than
1 in short-distance communications at high frequency
band, we can rewrite Car in (27) as

Yi2 (29)

Car = C(y13 + v12/2). (30

From (26) and (30), it can be easily observed that,
if y13 < y12/2, then C4r < Cpr. In fact, the relay core
C, is practically employed to assist the communication
between two cores C; and C3 having a weak direct link
with a very low SNR compared to the relaying links.
The DF protocol therefore outperforms the AF in this
case.

VII. PROPOSED HYBRID DF-AF (HDA) FOR

MULTI-RELAY WINOC

As noted in subsections VI-B and VI-C, DF protocol is
preferable to the AF when a relaying core is located either
nearby a source core or in the region between the source and
destination cores, while the AF protocol should be selected
when the relaying core is close to the destination core. This
accordingly motivates us to propose a hybrid DF-AF (HDA)
protocol where the relaying core employ either DF or AF
depending on its physical position with respect to the source
and destination cores.

Specifically, in the HDA protocol, core C, employs AF
protocol when it is near core C3, i.e. dj2 > d»3, otherwise
C; performs DF protocol if djp < dp3. The capacity of the
HDA protocol is therefore given by

Cpr=C(y13 + y23), ifdip < do3
Chpa = ( Y12V23 ) .
Car=C\yi3+—— |, ifdi2 > das.
4 yiz+ys +1
(3D

Considering a general model of WiNoC (see Fig. 1),
the HDA can be extended for a multi-relay WiNoC
consisting of a source core Cj, multiple relaying cores
{Cr,C3,...,Cy—1} and a destination core Cpy which are
assumed to be allocated as in a two-dimensional grid graph.
Given the fact that relaying cores could be located at different
positions between source and destination cores, the proposed
HDA is employed at {C», C3, . .., Cp—1} to assist the commu-
nication from C; to Cyy.

The capacity of the HDA protocol for a relaying link
C1—-Ci—Cy),i=1,2,...,M — 1, can be similarly derived
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asin (31),i.e.
ifdy; < diy
) . ifdy; > dim,
(32)

" Clyim + vim),
Cipa = c ( Y1iYim

YIM+————
vii+ vim + 1

where djj and yy;, {i, j} € {1,2, ..., M},i # j, are the distance
and SINR of the link C; — C;, respectively. For convenience,
let y1in denote the received SINR of the relaying link (C; —
Ci — Cp) using the HDA protocol, which can be written as

ViM » ifdy; <dm

Y1iVim .
—— ifdy; > diy,
vii+vim + 1 ' '

ViM = (33)

and CSLA in (32) can be rewritten as

CI(Z)A = C(yim + v1im)-

In order to exploit all signals received from different chan-
nel links, MRC is employed at Cys. The received SINR at Cpy
taking into account direct link and all relaying links, denoted
as yum, is thus given by

M-1
Ym = VM + Y Vim- (34)
i=2
The capacity of the HDA protocol for multi-relay WiNoC
with MRC is therefore computed by

M—1
C,%ﬁc) =Cym)=C <7/1M + Z VliM) . (35

i=2
Although all relaying cores could be exploited to assist the
communications between the source and destination cores,
they may be busy working on other tasks and thus could
not fully support such data transmission as required. Let us
denote 0;, i = 2,...,M — 1, as the fraction of power at the
relaying core C; that has been allocated for other tasks. Taking
into account this practical issue, the capacity of the HDA
protocol for multi-relay WiNoC can be generally written by

M-I
Ciipn | =C <V1M + Z(l - Qi)J/liM) . (36)
i=2

VIIl. NUMERICAL RESULTS

In this section, we first present the numerical results for the
capacity of relay channels in WiNoC with different relaying
approaches along with the analysis of the impacts of transmis-
sion medium on the relay communications probably realised
within a chip. The effectiveness of the proposed relay channel
model taking into account both DPL and MAA is then eval-
uated with respect to the conventional approach where only
pure air is considered with no MAA. Furthermore, the perfor-
mance of the proposed HDA scheme dealing with different
relay positions and its application for multi-relay WiNoC are
presented to show the extendability of the proposed chan-
nel modelling. The numerical results of channel capacity
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were obtained in MATLAB using the theoretically derived
expressions in Section VI with relay channel modelling for
WiNoC and the parameters of various gas compositions in
the HITRAN database [31].

dy, lim)

FIGURE 3. Capacity of relay channels in WiNoC versus distance between
two adjacent cores C; and C,.

A. CAPACITY OF RELAYING IN WINOC & IMPACTS OF
TRANSMISSION MEDIUM ON ITS PERFORMANCE

Let us first consider a typical relay channel in WiNoC as
shown in Fig. 2 consisting of three cores Cy, C; and C3. Fig. 3
plots the capacity of relaying, i.e. C in [Gbps], as a function
of the distance between two adjacent cores C; and C», i.e.
dj in [um]. The communications between two cores C; and
Cs is realised via a relay core C, employing either AF or
DF protocols. The bounds of the channel capacity consisting
of the CS upper bound (see (22)) and the DT lower bound
(see (23)) are also provided for comparison. Each core is
assumed to deploy the same antenna having a height of 2
pm, i.e. hy = hp = hz = 2 um, the ambient pressure is set
as 100 kPa, the system electronic temperature is 296 K and
the transmission frequency is 60 GHz. The other distances
between cores are set as d»3 = djp and di3 = duﬁ.
Given a transmission bandwidth of 1 GHz, the power for
sub-bands is allocated by water-filling method for the DT
protocol as in Proposition 1, while equal power allocation
is employed for both relaying protocols. It can be observed
in Fig. 3 that the DF scheme achieves a higher capacity than
the AF scheme, while both schemes are bounded by the DT
and CS bounds. This accordingly verifies the statement in
Section VI-C regarding the better performance achieved with
the DF scheme when the relay core is in the middle between
the source and destination cores.

The impacts of system electronic temperature, i.e. 75, and
ambient pressure, i.e. p, on the performance of relaying in
WiNoC are illustrated in Figs. 4 and 5, respectively. In Fig. 4,
the channel capacity, i.e. C in Gbps, is plotted as a function of
Ts given p = 100 kPa, while C is plotted against p in Fig. 5
given Ts = 296 K. The other parameters are similarly set
as in Fig. 3, while the distance between C; and C; is fixed
as dip = 100um. It can be observed in both figures that
the increase of either the temperature or the pressure causes
the degradation of the performance of the relaying in the
WiNoC. This is indeed caused by the increased path loss
due to the MAA as claimed in Remarks 2 and 3 on the
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FIGURE 4. Capacity of relay channels in WiNoC versus system electronic
noise temperature.
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FIGURE 5. Capacity of relay channels in WiNoC versus ambient pressure.

environmental awareness of the proposed channel model.
Additionally, the DF protocol is shown to achieve a better
performance than the AF protocol for all scenarios of the
environment, which can be similarly perceived as in Fig. 3.

25

G [Mbps]

10 20 30 40 50 60 70 80 90 100
d, [um]

FIGURE 6. Capacity difference of different channel models for relay
communications in WiNoC with/without MAA.

B. COMPARISON OF RELAY CHANNEL

MODELS IN WINOC

Evaluating the effectiveness of the proposed channel model,
Figs. 6, 7 and 8 sequentially plot the capacity difference
between the proposed channel model and the conventional
channel model, i.e. Cgip = CWithnoMAA) _ ~(with MAA) 6
as a function of the distance between two adjacent cores
Cy and Cy, i.e. dip in um, with respect to different relaying
schemes, system electronic noise temperature, i.e. Ts, and
ambient pressure, i.e. p, respectively. Specifically, in Fig. 6,
Cuifr 1s plotted for AF, DF and DT schemes; three scenarios

Note that CWith MAA) is derived as in Section VI with different relaying
schemes, while C(With "o MAA) ¢ap pe similarly derived when there is only
DPL, i.e. L ), constituted in the total path loss.
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of Ts = {290,310, 340} K are considered in Fig. 7; and
p = {100,200, 300} kPa in Fig. 8. As shown in Fig. 6,
Cjifr of the AF and DF protocols is smaller when compared
to the DT, which accordingly reflects the effectiveness of
the relaying protocols in reducing the performance loss. For
instance, the DF and AF protocols are shown to have a lower
performance loss of 0.7 Mbps and 0.5 Mbps, respectively,
than the DT protocol when dj» = 100 pm. It can be observed
in all three figures that the capacity difference increases as the
distance between cores increases. This means that a much
higher performance loss is caused by the MAA over the
distance. Also, such increase of Cgiff varies with respect to
the system electronic temperature and ambient pressure as
illustrated in Figs. 7 and 8, respectively. These observations
reconfirm the statements in Remarks 2 and 3 concerning the
effects of the environment on the channel modelling.

2

18 A

1.6

141

121

1k

i [Mbps]

Tg = 290K]|

=T =310K]

T = 340K||
— DF

©°08

10 20 30 40 50 60 70 80 90 100
dip lum]

FIGURE 7. Capacity difference of different relaying channel models in
WiNoC w.r.t. system electronic noise temperature.

50

©p = 100kPa
4 lep = 200kPa ey

Hep = 300kPal

C it [Mbps]

10 20 30 40 50 60 70 80 90 100
dy, [um]

FIGURE 8. Capacity difference of different relaying channel models in
WiNoC w.r.t. ambient pressure.

C. PERFORMANCE OF THE PROPOSED HDA SCHEME
AND MULTI-RELAY WINOC

Considering a general model of WiNoC where the relaying
core can be at different positions between the source and
destination cores, Fig. 9 plots the capacity of relay channel
as a function of the distance between cores C> and Cs, i.e.
d»3, with reference to different relaying protocols including
AF, DF and the proposed HDA. Two scenarios of propaga-
tion environment are considered, including i) 7s = 290K,
p = 100kPa and ii) 7s = 330K, p = 200kPa. Other
distances between cores are set as dj = 10 um and d3 =

J/d 122 + d223, while other simulation parameters are similarly
set as in Fig. 3. It can be observed in Fig. 9 that the DF
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FIGURE 9. Capacity of relay channel in WiNoC versus unequal distance
between cores C, and C3 w.r.t. propagation environment.
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FIGURE 10. Capacity of relay channel in WiNoC versus number of cores.

protocol achieves a higher capacity than the AF protocol
when dp3 > 8.5 pum, while the AF outperforms the DF
protocol when dpy3 < 8.5 um. This is in fact discussed in
Section VI-C showing the performance comparison of the
AF and DF protocols related to the location of the cores.
Additionally, the proposed HDA protocol is shown to achieve
the best performance over both the AF and DF protocols, and
thus, as stated in Section VII, can be regarded as an adaptive
approach to cope with the unbalanced distance between the
relaying core and the two end cores.

Furthermore, it can be observed in Fig. 9 that the capacity
achieved in the first case is higher than that in the second
case for all relaying protocols. However, the crossing points
of AF and DF protocols in both cases are obtained at the
same distance between the cores, i.e. when dy3 = 8.5um.
This reflects the fact that the distance between the cores
should be considered in the HDA protocol as derived in (31),
while the system electronic temperature and ambient pressure
nevertheless only have impacts on the performance of the
relaying protocols as illustrated in Figs. 4 and 5, respectively.

Extending to a general WiNoC with variant number of
cores, Fig. 10 plots the channel capacity as a function of the
number of cores, i.e. M, at different operating temperature,
i.e. Ts. The cores are assumed to located in a two-dimensional
grid having the same distance, i.e. d = 10 pum, between
two adjacent cores in both horizontal and vertical axes. Here,
the source and destination cores are located at the bottom-left
and top-right corners, respectively, within the chip. Three
scenarios of Ty = {290, 310, 340} K are considered and other
parameters are set as in Fig. 9. It can be observed in Fig. 10
an increased number of cores results in a higher capacity,

VOLUME 9, 2021



Q.-T. Vien et al.: On the Cooperative Relaying Strategies for Multi-Core WiNoC

IEEE Access

especially when the number of cores increases from 4 to
36 cores. Additionally, with a large number of cores deployed
on a large chip, we can still achieve the same performance as
in a small chip even though the distance between the source
and destination cores will get longer. Indeed, with more
intermediate cores, the communication between the source
and the destination cores is assisted by various relaying links
besides the direct link. This intuitive observation can also be
verified by (35) in Section VI with MRC approach employed
at the destination cores to combine the data received from
direct link and all relaying links.

IX. CONCLUSION

In this article, we have proposed a relay communication
channel for the communications between the far-end wire-
less cores in WiNoCs. Considering high frequency band,
dielectric material and gas compositions of the transmission
medium within the chip package are taken into account in
the developed channel model, based on which the channel
capacity has been derived for the relay channel in a typical
single-relay WiNoC employing DF and AF relaying proto-
cols. In particular, a HDA relaying protocol has been pro-
posed to maximise the performance of both the DF and AF
protocols with respect to the location of the wireless cores.
It has been shown that the HDA protocol achieves the best
performance close to the cutset bound of the relay channel
over the whole range of the location of the intermediate
core between two end cores. Furthermore, the proposed HDA
protocol has been extended for a multi-relay WiNoC where
intermediate cores are exploited to assist the communications
via different relay links. The employment of a large number
of cores on a large chip as the relays has shown to enhance the
performance of the communications between the two far-end
cores as if they were located close to each other on a small
chip. The future work would be the investigation of resource
allocation for the relaying protocols in the WiNoCs.

APPENDIX A PROOF OF THEOREM 1
The total noise temperature Ty, [K], of the P2P channel in
a WiNoC consists of system electronic noise temperature
Ts [K], molecular absorption noise temperature T, [K] and
other noise source temperature, 7’ [K], i.e.

Tror =Ts +Ty +T'. (37)

Notice that T’ < Ts + Ty, and thus it can be approximated
that

Tt = Ts + Ty (38)

Here, Ty depends on the transmittance of the medium t;;,
which can be given by

Ty = To(1 — 7)), (39)

where 7;; is given by (3). From (3) and (4), Tj can be derived
as

N Ne o o402 Ty g0 glke9)gthe0)g,
_ {G Po T2 ¥
Ty=To|1- e § . (40
g=1ko=1
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Substituting (40) into (38), we obtain

2
A pt qu(kg,g)s(kg,g>§<kg.g>dg

N N,
po T2
Tior = Ts +To 1—1_[1_16[6“”5

g=1ke=1
4D
The total noise power at C; is therefore given by
Py = [ T, “2)
B

Dealing with the frequency-selective channel within the
WiNoC, the channel bandwidth B can be divided into K
narrow sub-bands, i.e. Af = B/K, each of which is allocated
a power of P7 ;. Given the transmission power constraint at
C;, ie. Z,Ile Prj, < Pr,, the channel capacity of the P2P

channel can be expressed by

K

Pr

C= max Af log (1 + —k> ,
Pr.iy s PT iy P i ]g 2 ¢BLij ik Tror k Af

K Pri<Pr,
(43)

where L;; ;. is the total attenuation and Ty  is the total noise
temperature at f .

Let us denote the channel gain by Ajj x having

A2, = ;

v ¢BLij i Tior k Af
Substituting (9) and (41) into (44), AZ « can be determined
by (45) (see the top of next page). Accordingly, (43) can be
rewritten as (10). The theorem is proved.

(44)

APPENDIX B PROOF OF PROPOSITION 1

Consider a point-to-point communication link C; — C;j,
{i,j} € {1,2,3},i # j. Let A;; be the Lagrange multiplier
associated with the power constraint Zsz 1 Priy —Pr,i =0,
the Lagrangian of (10) can be formed as

K
£0.Pra) = Y Aflogs (1+ Pri Ay
k=1

K
_ )H'j (Z PT,ik — PT,i) . (46)
k=1

By defining W;; x as in (47) (see the top of next page), we can
rewrite (46) as

K
Pr.
L(Aij, P j,) = Z Af log, <1 + v lk)

k=1 ik
K
— Ajj (Z Pri, — PT,i) : (48)
k=1
Differentiating L(A;;, Pt ;,) with respect to Pr ;,, we have
oL\, Pr.i A 1
L Prin _ A 1 Aj. (49)
8PT,ik In2 Pr i + \I’ij,k
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.2 [ 2whihifi JEr
5 G;Gjsin (#ﬁ)
Az‘j,k = N N i o - - 45)
2 di 2 g %1]707,2(1( 2:8) g0 g,g)g( g’g)dg/.
coer (2R A | (s + T [T [T e T
g=1ke=1
1
A
‘"I,l:]‘,k = A2
ij.k
N, 2T
6 (2mdifi \? 2 hihifi /e N T8 Db ke 0 sl 0)g o)y
_ Sser <—’ff"> Af csc? <—’ ’“/_’> Ts+To [ []e°"" ~To|, 4]
GiGj C Cd,'j g=1 ky=1
Solving % = 0, we obtain [11] S. Abadal, A. Mestres, M. Iannazzo, J. Sole-Pareta, E. Alarcon, and
Tk A. Cabellos-Aparicio, “‘Evaluating the feasibility of wireless networks-on-
A f chip enabled by graphene,” in Proc. NoCArc, Cambridge, U.K., Dec. 2014,
PT,ik = — — \Ijij,k = l?,'j — \I/,:/',k, (50) pp. 51-56.
)‘ij In2 [12] M. O. Agyeman, Q.-T. Vien, A. Ahmadinia, A. Yakovlev, K.-F. Tong,
A and T. Mak, “A resilient 2-D waveguide communication fabric for hybrid
where ﬁz'j = Af / ()\ij In2). wired-wireless NoC design,” IEEE Trans. Parallel Distrib. Syst., vol. 28,
Since Pr; > 0, the solution in (50) is thus no. 2, pp. 359-373, Feb. 2017.

J— U PP = + 4 [13] M.O. Agyeman, Q.-T. Vien, and T. Mak, ““An analytical channel model for
Pr.iy = (ﬁlj Yij ’k), ’,Where ()" = max{0, x} and & can be emerging wireless networks-on-chip,” in Proc. IEEE Int. Conf. Comput.
solved using water-filling method as Sci. Eng. (CSE) IEEE Int. Conf. Embedded Ubiquitous Comput. (EUC),

K 15th Int. Symp. Distrib. Comput. Appl. Bus. Eng. (DCABES), Aug. 2016,
4 pp. 9-15.
Z (ﬁij - “pij,k) = PT,l" (5D [14] Q.-T. Vien, M. O. Agyeman, T. A. Le, and T. Mak, “On the nanocom-
k=1 munications at THz band in graphene-enabled wireless network-on-chip,”
i Math. Problems Eng., vol. 2017, pp. 1-13, 2017.

This completes the proof. [15] D. W. Matolak, S. Kaya, and A. Kodi, “Channel modeling for wireless
networks-on-chips,” IEEE Commun. Mag., vol. 51, no. 6, pp. 180-186,
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