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Abstract—Wireless underground sensor networks (WUSNSs) en-
able many applications such as underground pipeline monitor-
ing, power grid maintenance, mine disaster prevention, and oil
upstream monitoring among many others. While the classical
electromagnetic waves do not work well in WUSNSs, the magnetic
induction (MI) propagation technique provides constant channel
conditions via small size of antenna coils in the underground
environments. In this paper, instead of adopting currently layered
protocols approach, a distributed cross-layer protocol design is
proposed for MI-based WUSNsS. First, a detailed overview is given
for different communication functionalities from physical to net-
work layers as well as the QoS requirements of applications. Utiliz-
ing the interactions of different layer functionalities, a distributed
environment-aware protocol, called DEAP, is then developed to
satisfy statistical QoS guarantees and achieve both optimal energy
savings and throughput gain concurrently. Simulations confirm
that the proposed cross-layer protocol achieves significant energy
savings, high throughput efficiency and dependable MI communi-
cation for WUSNSs.

Index Terms—Wireless underground sensor network, magnetic
induction communication, cross-layer optimization, Pareto opti-
mal front, distributed power control, distributed protocol.

I. INTRODUCTION

IRELESS underground sensor networks (WUSNSs) [1]

have attracted high attention for their great variety of
novel applications, such as underground soil condition and
power grid monitoring, mine disaster prevention and rescue, oil
gas extraction, earthquake and landslide forecast, border patrol
and security, and many more other applications. However, as
indicated in [2], these underground environments create signif-
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icant challenges for wireless communication via classical elec-
tromagnetic (EM) waves. Specifically, the main problems of
EM communication rise from extremely short communication
ranges, highly unreliable channel conditions, and large antenna
sizes, thus making them impractical for actual deployments of
WUSNSs.

The magnetic induction (MI) technique [3], [4] is a promis-
ing alternative wireless communication solution to deal with
the underground challenges. The MI technique utilizes the
near magnetic field of coils to propagate the information, thus,
achieving constant channel conditions via small size of coils.
These great features make the MI communication suitable for
underground environments. In [5], the channel capacity of MI
communication from a pair of coil transceivers is analyzed.
In [6], near-field inductive communication systems are fully
investigated with regards of the channels created between two
or more magnetically coupled coils. In [7], coil deployment
algorithms are further proposed for MI-based WUSNs. Consid-
ering wireless power transfer, in [8], a propagation model and
MI link budget are presented for wireless power transfer sys-
tems. In [9], the MI technique is further employed to efficiently
transfer wireless energy over relatively long distances. Regard-
ing the networking aspects of MI communication, in [10], the
signal-to-noise ratio (SNR), connectivity, and bandwidth are
examined in 3D underwater MI channels. In [11], multi-hop
relay techniques are proposed to extend communication range
in near-field MI communication systems. In [12], the MI-based
sensors are also utilized to discriminate underground objects
for military purposes. So far most of the work was done for
physical layer such as antenna design, receiving signal analysis,
etc. There is a lack of protocol solutions for MI-based WUSNS.

In this paper, instead of taking the classical layered protocol
approach, we develop a fully distributed cross-layer protocol
framework called DEAP, which fulfills a pre-defined level
of quality of service (QoS). The cross-layer protocol, DEAP,
considers the interactions of different layer functionalities, thus,
provides efficient resource utilization and achieves high system
performance. DEAP also achieves high energy savings and
throughput gain with low computation complexity. First, we
provide a detailed analysis on the path loss, the bandwidth, and
the interference effect of the MI channel model capturing the
physical layer functionalities. Furthermore, we study in detail
the communication functionalities, such as modulation and
forward error coding, medium access control (MAC), routing
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algorithms, and the statistical QoS (i.e., packet delay and trans-
mission reliability) guarantees. By integrating these functional-
ities we develop a cross-layer framework and provide solutions
for various performance requirements of applications. Specifi-
cally, we consider the Pareto optimality for two-objective func-
tions such as energy consumption and packet transmitted rate.
The weighted sum method further converts the optimization
into a single objective problem via the specific weight vectors
of applications. Based on these accomplishments, we propose
DEAP as the cross-layer framework in a distributed manner.
In particular, we design a distributed power control via a non-
cooperative game, and employ a direct sequence code division
multiple access (DS-CDMA) scheme via chaotic code and uti-
lize a geographical routing algorithm by a two-phase decision
strategy. We summarize our cross-layer solution framework as
follows:

1) First, we present a complete study to explore the interac-
tions of key underground communication functionalities
as well as the QoS requirements of applications.

2) A cross-layer framework is developed to integrate
these functionalities for the efficient utilization of the
bandwidth-limited MI communication channels.

3) DEAP is further proposed to follow the framework in a
distributed manner, delivering statistical QoS guarantee
and obtaining both optimal energy savings and through-
put gain concurrently for practical implementation.

Simulation results show that DEAP outperforms the lay-
ered protocol solutions with 50% energy savings and 6 dB
throughput gain. Moreover, beyond the centralized cross-layer
designs, our solution resorts to two-phase per-node based de-
cisions requiring only one-hop neighbor information, and has
low computation complexity. Thus, by establishing reliable
and efficient transmissions in challenged underground environ-
ments, we have provided a distributed cross-layer design for MI
communication in WUSNs.

To the best of our knowledge, this work is the first to
propose a coherent cross-layer protocol framework to optimize
MI communication through a distributed approach in WUSNS.
The remainder of the paper is organized as follows. The related
work is given in Section II and the cross-layer communication
solution is presented in Section III. Under the proposed cross-
layer optimization framework, DEAP is provided to obtain
optimal energy-throughput performance in Section IV. Perfor-
mance evaluation is provided in Section V and the paper is
concluded in Section VI.

II. RELATED WORK

The cross-layer protocol solutions are generally recognized
as a well-suitable approach for resource-efficient designs in
wireless sensor networks in the last decade [13]. In the liter-
ature, many solid contributions have been extensively reported
for terrestrial wireless sensor networks. In [14], the multiuser
access interference (MAI) and network connectivity in wireless
CDMA-based sensor networks are characterized via an inte-
grated cross-layer study. For synchronous small-scale sensor
networks, a cross-layer energy and delay optimization [15]
is formulated as a convex problem to quantify the trade-off
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between delay and energy consumption. Furthermore, using
an initiative concept, a single cross-layer module is proposed
to achieve congestion control, routing, and medium access
control concurrently for terrestrial wireless sensor networks
[16]. A multimedia cross-layer protocol is developed for un-
derwater acoustic sensor networks in [17] in order to support
differentiated-services and to efficiently share the high-delay
underwater medium. However, the challenges of wireless EM
communication in underground environments [2], prevent of
using the above solutions from the existing literature. In this
paper, we introduce a distributed cross-layer framework for
MI-based WUSNSs. Our solution satisfies the QoS requirements
of diverse applications, and also achieves optimal energy con-
sumption and high throughput efficiency with low computa-
tional complexity. These features make our solution useful for
practical implementations.

III. CROSS-LAYER COMMUNICATION SOLUTION
A. Our Cross-Layer Design

In this paper, we develop a cross-layer resource allocation
framework that accurately models every aspect of the layered
network architecture, integrates different communication func-
tionalities into a coherent framework, and provides distributed
cross-layer solutions. In order to achieve efficient MI commu-
nication in the underground environment, our solution is based
on a distributed optimization problem to jointly control the
physical, MAC and routing functionalities. In particular, our
solution determines the optimal selection of modulation, FEC,
and transmit power (physical functionalities), a DS-CDMA
medium access control scheme with power control constraint to
access the bandwidth-limited MI channels (MAC functionality),
and a geographical routing algorithm (routing functionality).
Furthermore, a cross-layer DEAP solution is proposed which is
environmental-aware in capturing the underground MI channels
for high utilization, and achieving low energy consumptions
and limited computation complexity in WUSNS.

The remainder of this section is organized as follows. In
Section III-B, we examine the MI channel model in terms of
path loss, bandwidth, and interference. In Section II-C, we
present possible modulation and FEC techniques suitable for
the underground environment, and evaluate their performance.
In Section III-D, we introduce the DS-CDMA MAC scheme
and location-based routing functionalities. In Section III-E,
we characterize users’ application requirements of traffic QoS
guarantees and provide the corresponding cross-layer con-
straints. Finally, in Section III-F, we discuss how to integrate
and control different communication functionalities with a co-
herent mathematical framework. Although we present different
functionalities for the sake of presentation clarity separately, the
last section focuses on their coherent cross-layer integration.
Note that in Table I we provide the notations used throughout
the paper.

B. MI Channel Model

The MI communication link is formed by the induction
between the primary and secondary coils, as an alternating
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TABLE I
IMPORTANT NOTATION UTILIZED IN THIS PAPER

Notation Description
Tij Distance between node i and node j
R Resistance of coil sensor
T Operating underground temperature
o Magnetic permeability of soil
o Electrical conductivity of soil
Lai(+) MI path loss
B (+) MI channel bandwidth

MI channel gain of link i-j
mij Modulation technique of link ¢-j

n(m;) Spectrum efficiency of modulation m;;
Ri;(-) Transmitted bit rate of link i-j
v () BER of link i-j with m;;
Cij FEC scheme of link i-j with rate R/
L Packet length
Di5(-) PER of link i-j
Qij Packet throughput of link i-j
=T Set of interfered nodes by transmitter ¢
Py Transmitted power from node ¢ to node j
NI; Noise plus MAI level at node j
Lij Chaotic code length of link i-j
Jij Spreading factor of chaotic code
Noi Hop numbers from the source to node
J\/’i%) Hop numbers from node i, via j, to the destination
S; Neighbor set of node i
FP Forwarding set of node i
T;; Expected packet delay of link i-j
T Probability bound of statistical delay guarantee

Minimum received SINR at node j for successful transmissions
Weight vector for energy savings and required throughput
Utility function of node ¢ for power control game
Gap between Shannon capacity and modulation m;;

A KKT multiplier vector for optimal throughput

» Data tr
Interference

Network topology of WUSNs.

—_— —>

H_ N JH Z Z
s Vi
° 2 ::> . L 2
R ¢ R < It /t In

Transformer model of a MI transceiver.

Fig. 1. Network topology of multi-hop transportation in WUSNS; a trans-
former model and the equivalent circuit of a transceiver coil pair ¢ — j. The
circuit here does not include the interference effects yet.

current exists in the primary coil. We assume that each coil
has the same radius a[cm] and number of turns N. For a
single transceiver in Fig. 1, r[m] is the distance between the
transmitter and the receiver and 6 is the angle between the axes
of two coupled coils. This MI transceiver can be modeled as
two transformers [18] in Fig. 1, where Vg is the voltage of
transmitter’s battery, Z, is the receiver’s load impedance, M is
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the mutual induction between two coils, R is the resistance of
copper coil, H is the self induction of magnetic antenna (i.e.,
coil), and C' is the loaded capacitor to guarantee resonance.
Furthermore, the equivalent circuit of such a model is obtained
as Z = R+ jwH + 1/(jwC), Zy 1t = w>*M?/(Z + Z1,), and
Vu = jwMi., where w is the angle frequency of the transmit-
ted signal and ¢; is the current of transmitter’s circuit.

As shown in [2], the magnetic permeability of the medium
(i.e., soil) is the major environment factor in dominating the
quality of the MI communication. Specifically, while the per-
meability of soil and water is similar to that of air (i.e., ug =
47 x 1077 [H/m]) in the room temperature, such a factor and
the copper resistance will change, especially for the resistance,
with respect to variable temperatures in different underground
depths. The medium permeability also acts differently regard-
ing the composites of the underground magnetic contents. The
entire effects are characterized as

C
H= ,LLO(1 + X) = Mo (1 +pparaf +pferronerro>a (1)

R =2raNRo [1 + acu(T — Ty)), @)

where x and X ferro are the magnetic susceptibilities of the me-
dium and ferromagnetic contents, ppurq and pyerr, are the
ratio of paramagnetic and ferromagnetic composites, ¢ is the
constant, g, =3.9x 1073[/°K] is the temperature coefficient
of copper coil, T[°K] is the actual underground temperature,
and Tp[°K] and Ry[2/m] are the room temperature and the
corresponding resistance of a unit length of coil. Furthermore,
the self and mutual inductances, the loaded capacitance, and the
receiver’s impedance are also analytically obtained in the fol-
lowing. With the modeling of magnetic dipole for a coil, the self
and mutual induction are calculated via Stoke’s theorem [18]:
H~puraN?/2 and M(T,0)=urN?a*G(r,0)cos/4r3,
where o[S/m] is the medium conductivity and G(,-) is the
attenuation factor due to the skin depth effect. Such a loss factor
largely destroys the transmission quality, when encountering
the salty water in the soil as explained in [19]. The capacitor is
then designed to neutralize the coil impedance Z at the angle
frequency of the transmitted signal, i.e., jwH+1/(jwC)=0.
In addition, to maximize the transmitted power efficiency,
the load impendence Zj is designed to be the complex
conjugate of the output impendence of receiver coil. Therefore,
C=2/(w?uraN?) and Z1, = Z are obtained.

Using the circuit model in Fig. 1, the path loss and the band-
width of the MI communication are derived at the frequency of
the transmitted signal (i.e., fo [MHz] =wq/27). The transmitted
power P;[W] of the primary coil and the received power P,.[W]

. w2M?\ .9  2R%*4w2M? .o

of the secondary coil are P;= (Z + 25 ZL) 1y = ——p—1;
. .\ 2 2072,2

and P, = (%) Zp= %th’ respectively. The MI path

loss Ly is then obtained as

2 (2R? + wiM?)

wa M?
4R? 1
—— =10lg——F———.
w(2)M2 gg(ra fo,e,T, U)
3

Lri(r, fo,0,T,0) [dB] = 101g

~101g
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Fig. 2. Path loss of MI channels with different working temperatures and
alignment angles of transceiver coils.
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Fig. 3. Frequency response of MI channels with different transmission ranges,
working temperatures, and alignment angles of transceiver coils.

While the operating frequency deviates from the central fre-
quency fy, the coil impendence Z is no longer pure resistance
and it increases the path loss dramatically. Under this con-
sideration, the 3-dB bandwidth B, (T, 0)[KHz] is adopted
as the MI channel bandwidth. Specifically, the path loss at
fo + 0.5B),; should be twice of that at fy. Since the channel
bandwidth is much smaller than the central frequency (i.e.,
fo+0.5Byr = fo), via (3), the approximated bandwidth is
thus obtained as R(v/2 — 1)/(ur?aN?). Figs. 2 and 3 show
the path losses and the frequency response of MI channels with
different settings of operating scenarios. The soil composition is
set as follows: the magnetic susceptibilities X ferro 1S XFe;0, =
5 x 104 for temperatures under 853°K as F'e30, contributes
to the ferromagnetic content of most soils [20], the ratio of
Dpara and Dferro are 30% and 10%, respectively, and the
proportionality constant ¢ is 0.993 (i.e., the Curie constant of

4009

L_H
Vi juwoMiy <
V= jwoM i ZLI
P Vire=jwoMe 2

Fig. 4. Equivalent circuit for receiver coil j under the interferences.

iron [18]). The conductivity o is set to 0.01 S/m for the dry soil.
Other simulation parameters are set as the coil radius is 15 cm,
the number of turns is 5, and the operating frequency is 7 MHz,
which are favored for MI communication as suggested in [2].
In Fig. 2, as the working temperature and transmission range
increase, the path loss increases accordingly and thus degrades
the link transmission qualities. In addition, the impact of angle
misalignment brings dramatic increasing of path loss that the
transmission almost cannot take place under such cases as
expected. In Fig. 3, the 3-dB bandwidth is around 1 KHz and is
not affected by the transmission range and the alignment angles.
On the other hand, when the working temperature increases, the
bandwidth also slightly increases.

Depicted by (3), the received power attenuates with the order
of M? (i.e., 1/r%), which is much faster than the terrestrial
EM communication [18] in the order of 1/ r2. While under
such high-loss circumstance, the MI transmissions between a
single transceiver pair are possibly affected by adjacent com-
munication. That is, the received signal of the receiver coil can
be interfered by the neighboring transmissions with the same
central frequency. Fig. 4 provides the equivalent circuit of the
receiver coil j under several interferences. Assume Ef’ is the set
of all interfering coils of coil j as shown in Fig. 1, the received
power becomes

2
pi Jwo (Mit - EaeEf ajia) 7
o Z+Zy k
2
NL% 4R€M2Pt Z
TAR? w3 M? ~
a€~j
2
=|VePi— > VeajPa | | )

=R
oacs
< J

given i, ~ 4ReqjPo/(wgMZ;) from (3). Hereby we com-
pleted the analysis of the channel model for MI transceivers.
Note that we conducted an experimental validation of these
theoretical results through an in-lab underground testbed where
the details of the testbed can be found in [21]. In addition,
in the literature, there is also some discussion about the relay
methods of MI waveguides that place passive coils between
transceivers to amplify the received power. However, from our
previous work [2], [7], the only difference between direct MI
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transmission and MI waveguides is about the channel model-
ing. To clearly deliver our main contribution, the cross-layer
design, we focus on direct MI transmission in the remainder of
paper. The proposed cross-layer DEAP in Section IV is easily
extensible to MI waveguides via the study in [2], [7].

C. Modulation and FEC

MI communication encounters less channel variations than
the EM waves as pointed out in [2]. The undesired noise,
mainly from the thermal vibration of circuit elements, lets
Additive White Gaussian Noise (AWGN) to be applicable as
an accurate assumption for the channel. With this in mind,
the modulation and channel coding functionalities are analyzed
as follows. Sophisticated modulation techniques cause more
energy consumption [1] which is not desired for energy-limited
WUSN:Ss. Several simple and suitable modulation schemes,
such as BPSK, BFSK, DBPSK, and 16-QAM, can be selected
for WUSNSs. Given the communication link ¢ — j, m;; € M
denotes the adopted modulation technique and 7(m,;) denotes
the corresponding modulation spectrum efficiency. As bit er-
ror rate (BER) U(T, o) usually refers to the received SNR,
\I!Z” (PijnBanr/RijLarr No) can be obtained for the modula-
tion technique m;; over link ¢ — j, where No[W] is the thermal
noise power and R;; (T, o)[bps] is the transmitted bit rate.

Regarding the channel coding schemes, the forward error
correction (FEC) enhances the link transmission reliability
without additional re-transmission costs and overhead, while
the automatic repeat request (ARQ) does. Furthermore, the
block codes have lower complexity compared to the convo-
lutional codes (CC). In particular, a multilevel cyclic BCH
(Bose, Ray-Chaudhuri, Hocquenghem) code outperforms the
most energy-efficient CC by almost 15% for the optimal packet
size in terrestrial wireless sensor networks as indicated in [22].
Thus, we consider the BCH code in our work. However, note
that our framework can be extended to support more energy-
consuming schemes, such as Reed-Solomon codes, CCs, Turbo
codes as well as different types of ARQ. For the link ¢ — 7, ¢;; €
C denotes the adopted coding scheme with coding rate Rg As
far as BCH (n, k, t) code with rate Rc = k/n is concerned, n
denotes the block length, k denotes the payload length, and ¢
denotes the correcting capability of bit error (i.e., ¢ < n). Given
the BER ¥(T, o), the block error rate ¥ 5 becomes

Up(T,0) = zn: (7)@”(1—@)"”. 5)

2
i=t+1

Also, with L[bit] being the packet length, the packet error rate
(PER) @ is obtained as

B(T,0) =1 - (1—Wp)l ], ©6)

which can be approximated as [L/k|¥ 5 when Up is small.
Fig. 5 shows PER vs. SNR for various modulation techniques
and for different BCH(n, k,t) codes and no FEC scheme.
The transmission range is set to 7 m and the packet length
is set to 100 Bytes. Also, as suggested in the specification of
soil temperature sensors in [23], the working temperature is
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Fig. 5. Packet error rate (PER) vs. SNR for typical underground modulation
techniques and BCH(n, k, t) coding schemes.

selected as 283°K. While BPSK achieves smaller BER for any
given SNR among modulation techniques, it brings the best
PER performance for every channel coding schemes. In addi-
tion, while consuming more energy to perform, the powerful
coding schemes (i.e., with high error correcting capability t)
keep less PER for any given SNR. A trade-off exists between
energy consumption and transmission quality. Our proposed
cross-layer design yields an optimal trade-off point with re-
spect to the requirements of many applications as shown later
in Section III-F.

D. DS-CDMA and Geographical Routing Algorithm

Motivated by [17] in underwater acoustic sensor networks,
our proposed MAC protocol, the DS-CDMA scheme compen-
sates the drawbacks of multi-path effects and achieves high
channel reuse as well as low number of packet retransmissions.
Thus, it decreases the energy consumption and increases the
network throughput. As chaotic codes [24] provide much
higher granularity with less constraint in code properties than
the pseudo-random sequences, the chaotic code with length
lij [bit] € L=[lmin, lmaz] is adopted for transmissions over link
i—j. The corresponding spreading factor g;; is proportional
to the code length (ie., gij=vl;; with the proportional
factor v), and the transmission bit rate R;;(7T,0) becomes
nBuyi(T,0)/li;. To implement such a scheme in WUSNG,
the near-far effect and MAI [25] need to be minimized. In
other words, the signals arrived at the receiver should have
approximately the same mean power; the interference from
simultaneous transmissions of different users should also be
well controlled. These are satisfied via power control design
as follows. '

Itis assumed that 77 . denotes the minimum received signal-
to-interference-plus-noise ratio (SINR) of node j for successful
transmissions, and the aggregated interferences to receivers are
Gaussian distributed. Concerning the transmitted power level
P;;, the lower bound should provide rfnm at node j; whereas,
the upper bound should concern both the maximum power
Pma®[W] and the interference to nodes k € =7, where =7 is

%
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the set of nodes whose ongoing communication is affected by
node ¢’s transmission as shown in Fig. 1. Specifically,

EU (T U)glJPZJ Z rmzn(‘[j + NO) =
NI;
P > i ; (7

. -1
gl] ( rnzn) 6ij (T7 0)

where ¢;;(T, o) is the MI channel gain of link ¢ — j from (3)
and VI; summarizes the noise and MAI power at node j with
I; being the interference at j. Furthermore, at each node k €
Z7 the following inequality should be satisfied:

. -1 .
(Tﬁ@m) Etkk(T, U)gtkthkk — Nog — I}, Zgik(T7 U)Pz‘j =
(1 )_1 9,k Pirer k(T 0) — No — I, .

mn s 5 :P() > P
Eik(Tag) ij ( ) ij>
3)

where I & 18 the interference for the transmissions of ¢, to k, ex-

cept the one from node 1, i.e., Ik = Zﬁe =R /(i) \/Eﬁkp/jrﬁ
from (4). While there are |E7| nodes for the set =7, the

maximum power P;; with respect to these SINR requirements
becomes ming, =7 Pi(jk) (T, o). The power constraint is then

NI;
J <P gmin<mln P( )(T o), Pm”>
gl]( nnn) lgij (T’ U) kst

€))

In our routing layer, we utilize geographical routing protocol
[26], [27] because of its scalability feature and limited signaling
overhead requirements. Addressing the distributed algorithm
design, a source or relay node ¢ will select its best next hop
J* with respect to the given objective function, such as E;;
and @);; in (15) or EaTj; in (16), among the set of S; N FP.
S; is the neighbor set of node 7, which includes the possible
forwarder 7 and nodes with ongoing communication affected
by i’s transmissions (i.e., S; = {j, =7 } followed from previous
notation). FiD is the forwarding set, which consists of nodes
closer to destination D than node ¢, i.e., 2 € FiD if and only if
r.p < rip. In order to expedite the per-node based decision,
such geographical routing solution should map the end-to-end
delay requirements into local delay requirements. Specifically,
with an incoming packet to node i, the expected hop delay
to node j (i.e., Tj;[s]) can be calculated as: T;; = —&

M, where T;p[s] is the time-to-live of the arrival
rip/(riD—T;D)

packet at node i, T},4,[s] is the expected maximum end-to-end
delay, ¢,y is the time when the packet arrived at node ¢, £,
is the time that the packet was initially transmitted, and Ni%)
is the expected number of hops needed from node ¢, via node
J, to destination D. Also, the expected number of hops for the
corresponding end-to-end path (i.e., from source, via link 7 — j,
to destination D) is Ny; + Ni%), where Ny; is the number of
hops that the packet traversed before it reached node ¢. While
Tinazs to, and Ny, can be stamped in the header of packets,
r;p[m] and thus NZ%) should be maintained via a distributed
shortest-path algorithm or the underground localization mech-
anisms [28]. For example, as Bellman-Ford algorithm [29] is
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applied, ;p(t + 1) = min,eg, (r;p(t) + r4.). All the required
operations and parameters are thus obtained for the proposed
geographical protocol.

E. Statistical Reliability and Delay Guarantees

We study the statistical QoS in order to achieve a reliable
end-to-end data transportation in WUSNSs. Specifically, the
higher transmission reliability associated with less packet loss
is crucial for almost all types of underground sensing applica-
tions [1]. Also, the bounded delay is especially important for
real-time monitoring and applications with timing constraints
[30]. Aiming to support the distributed functionalities among
sensors, we form the per-node based constraints (i.e., for trans-
missions upon link ¢ — j) of link reliability and delay in the
following. Given the tolerable maximum end-to-end PER ®5%¢,
the corresponding reliability constraint is

(7)
1—(1—®;(T,0)Ni Mo < @g2e, (10)

where ®;;(T,0) is the link PER, and No; + N is the
expected number of traversed hops for an incoming packet
to node ¢, which is obtained distributively as mentioned
in Section III-D. Also, ®;;(T,0) relates to received SINR
SINR;(T, o) from (5) and (6). Similarly, ®22¢ thus provides
the required 7mm (i.e., the minimum received SINR for suc-
cessful transmissions) to enable our power control functionality
mentioned previously. The equivalent link constraint of (10)
is then

SINR;(T,a) > 1l (®5°), (11)

min

where 7 . is a function of ®£2°,

Furthermore, while T;; provides the sample averaged link de-
lay, the statistical delay guarantee is modeled as the probability
that a packet delivered over deadline should be at most 7. That
is, Pr(Delay > T;;) < 7. Assume both the packet arrival time
and service time upon link 7 — 7 is memoryless. The service rate
is R;; (T, U)R |/ L[pkt/s] followed from previous notation and
Qq;[pkt/s] denotes the link (packet) throughput, which is the
allowed packet arrival rate satisfying the following constraints
of average link delay and delay variance in Proposition 1.

Proposition 1: For the transmission link ¢ — 7 with memo-
ryless packet arrival and service time, the average delay con-
straints are

L
— <
Rij(T,0)RG — LQij —
LQU < RL] (T, O’)Rg;

7T, 12)

13)

the corresponding delay variance constraint is

2
-
<
_LQij> 1—17
L

X (T,] - R (T 7
(T, 0)Re —

L
Ri;(T, )R,

2
, (14
)

where 7 and Tj; are from the QoS requirement, ();; is link
throughput, L is packet length, R;;(T, o) is transmission bit
rate, and Rg is channel coding rate.
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Proof: The link delay mainly consists of the transmis-
sion delay and the queueing delay. Followed by the mem-
oryless property, the waiting time process is exponentially
distributed with mean L/(R;; R’ — LQ;;). The Markov in-
equality is then applied for the QoS guarantee as E[Delay] <
7T;; = (12). In addition, (13) is from the stability require-
ment of finite link delay. Next, one-sided Chebyshev’s inequal-
ity is adopted as Pr(Delay — E[Delay] > T;; — E[Delay]) <
V[Delay]i[(l;zlﬁjz][Delay])Z’ where V[Delay] denotes the de-
lay variance and T;; — E[Delay] > 0 is satisfied by (12).
By employing the condition of QoS guarantee, the follow-
ing concludes the proof: V[Delay] < rV[Delay| + 7(T;; —
E[Delay])? = (14). |

F. Cross-Layer Optimization Framework

In this section, we integrate different communication func-
tionalities mentioned above into a coherent mathematical
framework and provide a unified foundation for cross-layer
protocol design and control over WUSNSs. The optimality of en-
ergy and throughput efficiency is reached based on application-
dependent objective function. In the following, we first deal
with the two-objective optimizations (i.e., with respect to the
energy consumption and the system throughput), which are
the two most critical factors for the energy-efficient and reli-
able communication. We then jointly consider the energy and
throughput by using the weighted sum methods. Note that the
corresponding distributed cross-layer solution (i.e., DEAP) is
further proposed in Section IV.

1) Pareto Optimal Front and Weighted Sum Method: With
the proposed distributed functionalities in WUSNs from
Section III-C to Section III-E, for link ¢ — j, we aim to min-
imize the average energy per packet for successful packet
arriving at the receiver and to maximize the average trans-
mitted packet rate, which is characterized by the allowed link
throughput under the finite link delay condition (13). It is
expressed as

}%.
Minimize FEjj=L|——"%—— +2E%. |;
Rij (T, U)chv

Maximize @, (15)

where P;; /(R;; (T, O’)Rg) + 2E?,, .. accounts for the energy to
transmit one bit from node i to node j. Pij/(Ri;(T,0)RE)
characterizes the distance-dependent portion of consumed en-
ergy for bit transmission, while Eb = Etrans — grec[J/pit]

elec elec elec
is for the distance-independent portion. £%7%"% and ET¢° come

elec elec
from the needed energy per bit by the transmitter and receiver
electronics (e.g., VCOs, PLLs, bias currents, etc.), respec-
tively. When confronting such multi-objective optimizations,
the Pareto optimal front [31] provides the best solution sets
that consist of non-dominated solutions, and thus provides the
performance benchmarks. Fig. 6 contains these optimal points
for the transmission ranges between 1 m to 15 m and the
packet length 20 Bytes. While (15) belongs to min-max type of
optimization (i.e., considering minimizing the energy and max-
imizing the average packet rate concurrently), the Pareto fronts
should trend from lower left to upper right as verified in Fig. 6.
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Fig. 6. Pareto optimal front for two-objective optimizations (15) with different
transmission ranges.

When the transmission range increases, the minimum feasible
energy consumption increases as well. Moreover, in practice,
the transmission range is usually in the middle distances (i.e.,
between 5 m and 12 m). Fig. 6 shows that more possible Pareto
points are available for such distances. Thus, more transmission
parameters can be optimized under the constraints, i.e., (9),
(11)—(14), for these suitable transmission ranges.

WUSN applications may have their own purposes, such as
sensing the scalar data in harsh environments or monitoring
the objects with high data rate requirements accompanied by
possible build-in energy harvesting. These applications provide
the specific weight vector w = [wy,ws]? with w; > 0 and
wg > 0 for the energy savings and required throughput. In
other words, the previous two separate objective functions
can be transformed into a single one (i.e., EaT for Energy
and Throughput) via the vector and the whole optimization
framework becomes

Find : Ta U,jESimFiD, mZJEM, Cijec,
Py €10, P"], Qij, lij € L
Minimize FEaT;;(T,0)
Pij b
—w L[ ——9 1 2B | — Qs
! <Rij(T7CT)Rg ! ) 2%

Subject to (9), (11), (12), (13), (14). (16)
The decision variables for node ¢ are the operating temper-
ature, the soil conductivity, the forwarder, the modulation
technique, the channel coding scheme, the power level, the
allowed link throughput, and the code length of DS-CDMA.
Note that, to provide satisfactory cross-layer design for prac-
tical underground settings, the designated protocol needs to
be environmental-aware. Specifically, it should be able to
modify the corresponding transmission parameters with re-
spect to working temperature and soil conductivity, while our
environment-aware protocol yields such a capability as ex-
plained in Section IV. Furthermore, the constraint of power
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control can be achieved only when a detailed link informa-
tion is available to node 7, which is feasible in centralized
power control or under excess information broadcasting. In
particular, from (9), node ¢ needs the information about the
noise plus MAI levels of its neighbors S; (i.e., NI; for the
possible relay node j and Ng + I, for interfered nodes k,
Vk € =F) and the user signal power levels at interfered nodes
mm)_lstkkgtkthkk, Vk € ET). However, such power
levels are difficult to obtain as they relate to node 7’s two-hop
neighbors (i.e., t;). To fix the problem and design a practical
and energy-efficient power control in WUSNs, we deploy the
non-cooperative game theory in Section IV-A that each sensor
is able to implement a distributed power control under the
limited link information.

(.e., (rF

IV. DISTRIBUTED ENVIRONMENT-AWARE
ProTOCOL (DEAP)

To empower practical applications in WUSNSs, the func-
tionalities of cross-layer framework should be distributively
controlled and environmentally aware for the optimality. In
the following, we first propose the distributed power control
to handle the near-far effect of our DS-CDMA scheme. The
structure of optimization framework is then reexamined to
obtain the relationship between MAC operation and throughput
performance. Finally, based on the above distributed designs,
we detail the two-phase decision procedures of the proposed
distributed environment-aware protocol (DEAP). In short, fo-
cusing on the functionality interactions among different layers,
we are able to solve the framework in a distributed manner via
its fundamental mathematical structure.

A. Distributed Power Control via Non-Cooperative Game

Instead of assuming (N1j; Pi(jk)Nk € E7) be available to
node 7 when deciding suitable P;; as (9) does, we consider the
only needed information is NI; as follows. The details for the
acquirement of such information is explained in Section IV-C.
A non-cooperative game G = {A, P;, u; } for distributed power
control is formed, where there are A =1,...4,...,n nodes
transmitting on the same channel, and P; = [0, P/***] and
u; are the strategy space and the utility function of node i,
respectively. Node ¢ has the strategy p; € P;, which provides
suitable P;; and we assume P[" = ... = P = P,,,, for
the simplicity. In a non-cooperative game, each player will
select a strategy to get Nash Equilibrium (NE). In other words,
a strategy that maximizes the individual utility function will be
selected, i.e., maxp,cp, u;(p;, p—;). The utility function of our
power control game is defined as:

wi(pi, p—i) = Ri(pi, p—i) — €i(pinv—i)

= ’U)QB]WI(T, O') 10g2 (1 +

SINR,,(T,o)
r;

— W1pi, A7)

where SINR,, denotes the SINR of node i’s receiver (i.e.,
SINR; followed from previous notation) and I'; denotes the
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gap to the Shannon capacity that depends on the modulation
scheme [32], ie., Dy(mi;,T,0) = In(5%;7(T,0))/(—~1.5).
The utility function u; concerns a transmitted bit with respect to
EaT;; per packet in (16). Specifically, the revenue function R;
depicts the achievable rate of link 7 — j (i.e., Q;;L) as a func-
tion of received SINR level [32]; the cost function &; defines the
instantaneous price node ¢ pays for using a specific amount of
power that causes interference to other ongoing transmissions.
Such cost function is linear to p; (i.e., the transmitted power
of node 7). That is, rather than demanding the received SINR
levels of all k € =] in (9), we are simply concerned with the
transmitted power level p; to quantify the impact of produced
interference under the limited information.

1) Existence of the NE: The existence of the NE for the
proposed power control game is provided in the following.

Definition 1: If the power strategy P* = (p},p5,...,D))
is the NE of power control game, then for every ¢ € A and
Pl pt € Pi ui(pl,p*,) > ui(p;, p*;), where p*, denotes the
optimal strategy set of the other players.

Theorem 1: NE exists in the power control game G.

Proof: The strategy space of each node is defined as

[0, Prax], Which is a nonempty, convex, and compact subset of
Euclidean space R. Also, u;(+) is continuous in p;, and from (7)

Qui(pi,p—i) __ w2 Bnrr1€ijgig
and (17), we have Ops = (NI,Tites, 900 T2

O%ui(pip—s —w2B ii9i3)° .

“é’;?p ) _ (NI;”;#JZ:;]?;)JQ)IM < 0. Thus, wu;(-) is con-

cave in p; and the NE exists. |
From the above proof, the global maximum is obtained when

— wy and

 _ BM](T,J)

=

B NI;T;
5ij<T7 U)gij

1
aln?2 ’ (18)

where a = w; /ws. Furthermore, the link reliability condition
(11) is included as follows. First, from the SINR constraint
in (7), €j9i;Pij /T in — No = Ij = pi = NIjry..,. /(€69i5)-
Second, as the strategy p; is in the range of p; = [0, Praz],
the received interference of j (i.e., I;) should be in the
range of [0,€i;9ijPmax/7) ., — No]. The inequalities are
then obtained as 0 < Bpsr/(aln2) — Ppa,Ls/rl . < pi <
BMI/(aln 2) — Norl/(ff”g”) < Pmax' From (18), we have
the following:

Breijgij <a
(Pmawgijgij + NOFi) In 2

Bl Br1€iiii
< min MITimin ) —— M1Cijdis (19)
PmazFi In2 (,,,inln + Fz) NIJ n?2
Thus, the transmissions can be well established if

Prazcij(T,0)gij + No > NI;(r! . +T;), which provides a
fast inspection for reliable communication.

2) Uniqueness of the NE: To examine the uniqueness of the
NE in the proposed power game, (18) should be verified as
a standard function [33], which is explained in the following
theorem.

Theorem 2: NE in the power control game G is unique.

Proof: See Appendix A. ]
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B. The Relationship Between Code Length and
Link Throughput

In this section, we aim to comprehend the relationship be-
tween the link throughput and the code lengths of DS-CDMA.
Specifically, from the optimization framework in Section III-F1,
the explicit form of optimal throughput Q7; can be obtained
with respect to a specific length /;; by Karush-Kuhn-Tucker
(KKT) conditions [31]. Considering the interested parameter
Qij and the KKT multiplier vector A = [A1, A2, A3]7 with
(16), the inequalities are obtained as follows: A\ = 0, —ws +

2 2
L L
M (Ri,- (T,o)RY — LQu) + Aol + 235 (RU (T,o)RY — LQU)

L @ o (L 7. \|=
[Rij(Tvﬁ)Rg—LQij 1-7 (Rij(Tv‘T)Rg—LQij TU)] 0, and

A1 (m - TTij) + X2 (LQi5 — Rij(TaU)Rlc]‘)Jr
2 P)
L T oL )| =
A3 [( Rij(T,0)RE—LQy; ) ST (Tl] R;j (T-,U)Rg*LQij) ] =0.
The corresponding solution is provided in Theorem 3.

Theorem 3: Given the cross-layer optimization in (16), the
optimal link throughput Q7 ., regarding a specific DS-CDMA

code length /;; and channel coding scheme c;; with rate Rg, is

»
ij>

Byo)fd _ 1 0<7<05
Q=1 ryord s 0sercy 20
L o T VA(1-VA) DSTS

where A equalsto 7/(1 — 7).
Proof: See Appendix B. |
While the code length of DS-CDMA (and thus the transmis-
sion bit rate R;;(T,0) = nBarr(T,0)/l;;) has been shown in
connection with the power level and the link throughput, re-
spectively, an one-dimensional-search approach can be applied
to decide the optimal [;; corresponded to the minimum link
metric in (16). Specifically, via (18) and (20), the link metric
EaT;; becomes the function of the code length only regarding a
specific neighbor j of node 7, a modulation technique m,;, and
a channel coding scheme c¢;; with rate RZCJ Then, the golden
section approach [31] can be applied to provide a sufficient ac-
curacy for the minimizer. That is, given l;; € £ = [Lynin, lmaz),
the uncertainty range for [ after K steps of reduction turns
into (1 — )% (lymaz — lmin), where 1 — p = 0.618.

C. Algorithm: Two-Phase Decision Strategy

Utilizing the distributed designs of cross-layer functionalities
in Section IV-A and Section IV-B, we propose the distributed
two-phase operation that follows the cross-layer framework in
(16) as follows. Inherited from the per-node based geographical
routing paradigm in Section III-D, the sender ¢ (i.e., source or
relay node) optimally decouples the cross-layer optimization
(and thus routing decision) into two sub-problems and solves
them sequentially as:

1) Minimize the link metric FaT;; with respect to the power
level P;;, the allowed link throughput ();;, and the code
length of DS-CDMA [;; for each of its feasible next-hop
neighbors and possible combinations of modulation and
channel coding functionalities, i.e., (j; mj; ¢ij)-

2) Select the best next-hop j* and the physical functionali-

ties (m,; cf.) associated with the best link metric.

ij7 “ig
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Rather than solving a complicated optimization problem for
the best route to destination, a generic node ¢ only needs
to sequentially deal with two low-complexity sub-problems
without loss of optimality. Algorithm 1 presents a space-search
approach to solve the first sub-problem, whose complexity is
O(|IM|-[C| - K;), where |M|, |C|, and K| are the number
of modulation techniques, FEC schemes, and reduction steps
for optimal chaotic code length, respectively. It makes use of
the Algorithm 2 to obtain three communication parameters
(i.e., Pij, Qij, and l;;), via distributed power control, KKT
optimality, and golden section search [31]. The second sub-
problem can be expressed as j* = argmin;cg,npp EaTy,
guiding the route geographically to the destination (i.e., by
selecting j € S; N FP). It has a complexity O(|S; N FP|),
proportional to the number of the sender’s neighboring nodes
within its forwarding set towards the destination. Note that, in
order to capture the underground environment, sender ¢ first
measures the operating temperature 7' and conductivity o of
the surrounding soil. The measurements of these crucial factors
can be carried out by the sensing units of current off-the-shelf
sensors [23], [34], [35]. Sender 7 then employs these mea-
surements to facilitate the proposed environment-aware cross-
layer framework, i.e., (16). Furthermore, the only required link
information for solving these two sub-problems is the inter-
ference levels of sender ¢’s certain neighbors (i.e., NI;,Vj €
S; N FP) from the distributed power control design. Instead of
applying inefficient broadcasting for such information, a short
message is exchanged by using a common chaotic code ¢
known by all devices. In particular, sender 7 transmits a short
request to nodes in S; N FP for their interference levels. The
information is then sent back via [o by those who successfully
receive node ¢’s request. In summary, the above operations do
not need to be performed every time a sensor has a packet
to route, but execute only when the physical channel or traf-
fic conditions have changed. As a sender does not have the
global knowledge of the network, our cross-layer link approach
does not guarantee the global optimality, but achieves the
best feasible performance given the limited information at the
sender. Furthermore, with the distributed power control design,
the stacks of functionalities from physical to network layers
can work fully distributively, especially crucial for practical
applications in WUSNSs from their resource-limited nature of
signaling message exchanges.

Algorithm 1 Distributed Cross-layer Link Optimization

Il'lpllti ’i, j, Tij» Qij
1: EaTl,,;n = oo % Initialization
2: for mod =1 : | M| do % Modulation cycle
for fec = 1:|C| do % FEC cycle
Calculate 7 . = via tolerable end-to-end PER ®5%
(EaTy;, P,Q,1) <Algorithm 2(r . NI;, i, 0:;,
mij(mod), cij(fec))
if EaT;; < EaT),y, then
EaT’rnin = EaTij
(m,c, P,Q,1)* = (m(mod), c(fec), P,Q,1)

R AU
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Algorithm 2 Link Parameters

Input: Tfm-n, NI, r,0,m,c
Output: EaT™, P*, Q*, I* _

1: Get EaT (1) in (16) via (18), (20), (r? ;,,, NI;,7,0,m,c)
2:I* +GoldenSection(EaT'(1), K;) % K;:Reduction steps
3: Calculate P*, Q*, FaT™ by [*, (16), (18), and (20)

Once the optimization problem is solved at sender i, the
optimal communication parameters are attained by node 1 (i.e.,
J*, Mg, Cij=, Pij=, lj;=, and Q;;+) for data payload transmis-
sions. In order to enable such transmission, certain procedures
for control signaling are still needed and explained as follows.
Instead of sending control packets with additional resource
consumption, the extended header (EH) is sent using /o via a
random access scheme (such as ALOHA-like or CSMA-like
MAC [29]). Specifically, sender ¢ transmits a short header EH
followed by its actual data packet (i.e., payload plus standard
header) to the chosen next-hop j*. Such an EH contains infor-
mation about /;;~ that sender ¢ will use for the subsequent data
packets and the information of other parameters (i.e., m;;- and
¢;j+). If no collision happens for the EH transmission (i.e., ¢ is
the only node transmitting an EH in the neighborhood of node
7%), 5% will synchronize to the signal from node ¢, despread
the EH using [¢, and set its decoder according to the optimal
parameters used by ¢ for the subsequent data packet decoding.
Once node j* has correctly received the packet from ¢, it sends
an acknowledge (ACK) packet back with code 4. If sender ¢
does not receive ACK before a timeout expires, it follows the
procedures of chosen random access schemes to recover from
collisions. The whole signaling operations are summarized in
Fig. 7. These simple but efficient procedures indeed facilitate
the DEAP design.

V. PERFORMANCE EVALUATION

We compare the performance of the proposed DEAP in
Section IV with the traditional layered protocol solutions (i.e.,
individual communication functionalities do not share informa-
tion and operate in separate layers). Simulation results confirm
that DEAP achieves remarkable energy savings as well as high
throughput gain in a distributed manner, favored by practical
implementation in WUSNS. In the following, we first evaluate
the performance of link transmissions and then examine the
end-to-end communication.

A. Link Transmissions

Considering the interactions among physical layer function-
alities (i.e., modulation techniques, channel coding schemes,
and power control design), the energy consumption per bit,
transmit power, and average bit rate are evaluated with re-
spect to different MI transmission ranges. The comparison for
DEAP is carried out with two fixed modulation/FEC combi-
nations selected from Section III-C, i.e., BPSK/No FEC and
BFSK/BCH(63,57,1), and one cross-layer design following the
framework in Section III-F that provides centralized power

4015

Sensing and information exchange . =

/L via common chaotic code ¢
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and soil conductivity ) ’
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Neighbor #2 |
i waits a constant period forl : l
the replies from neighbors 1 Neighbor:#3 s
i solves two sub-problems and Neighbor #4 |
obtains (j*, mjs, Cjj Pijxy ljsy Aij=) |
i sends EH to j* (e.g. neighbor #3) . Control signaling and
The EH contains fj, m;-, and ¢« EN vialc data transmissions begin
i immediately sends data packet
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Fig. 7. Timing diagram of DEAP with ALOHA-like [29] random access
scheme.

control by (9) in Section III-D. The QoS requirements for the
transmissions are set as follows: the expected hop delay 0.9 s,
the outage delay probability should be less than 0.8, and the
maximal tolerable PER is 10~* with packet length 20 Byte.
Also, the weight vector from application is set as w; = 0.7 for
energy consumption and wy = 0.3 for link throughput, and the
high interference scenario is concerned with 0.02 W noise plus
MALI power level.

In Figs. 8 and 9, the transmitted energy and power of
fixed modulation/FEC combinations for a successfully decoded
payload bit at the receiver are always higher than the cross-
layer designs. Furthermore, regarding the cross-layer solutions,
as centralized power control assumes more available network
information (i.e., both one-hop and two-hop neighbors’ trans-
mitted power level as explained in Section III-F1), it gives lower
energy consumption and power level than the proposed dis-
tributed solution (i.e., DEAP). However, such assumption can
only be achieved theoretically via a great deal of control sig-
naling exchanges, which is impossible in the practical energy-
limited scenarios such as WUSNSs. On the other hand, DEAP
permits the only needed information of transmitter to become
the received noise plus MAI power level at the receiver (i.e.,
one-hop neighbors’ info). It provides the energy consumption
close to the centralized one and even achieves the same level
under long transmission distances. The impact of coil angle
misalignment is also presented for the cross-layer design, while
the layered schemes cannot obtain the solution with practical
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Fig. 8. Energy per bit for the centralized cross-layer solution, the cross-layer
DEAP, and two fixed modulation/FEC combinations.
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Fig. 9. Transmitted power for the centralized cross-layer solution, the cross-
layer DEAP, and two fixed modulation/FEC combinations.

applications. Under this setting, the consumed energy of DEAP
and the centralized designs are almost the same even under
short transmission distances.

Fig. 10 further provides the achievable average bit rates with
respect to layered solutions (i.e., BFSK; BCH (63, 57, 1) and
BPSK; No FEC) and cross-layer solutions (i.e., Centralized
Cross-layer and DEAP). Cross-layer design is favored for its
higher bit rate as compared to the layered solution. Also, the
proposed DEAP outperforms the centralized scheme for nearly
all transmission distances and allows much higher bit rate, espe-
cially under middle transmission ranges. The reason is that our
distributed solution does not confined by the severe power con-
straints from two-hop neighbors as centralized solution does,
which always considers the worst-case scenario. Instead, DEAP
employs a non-cooperative game to distributively control each
sensor’s transmitted power, thus enjoying higher throughput.
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Fig. 10. Average bit rate for the centralized cross-layer solution, the cross-
layer DEAP, and two fixed modulation/FEC combinations.

To sum up, DEAP not only achieves almost the same level
of energy consumption as the centralized design, but brings
remarkable link throughput over bandwidth-limited MI com-
munication channels. It also provides much lower computation
complexity as discussed previously in Section IV-C for great
practicability in WUSNS.

B. End-to-End Data Flow

The interactions between MAC and routing functionalities
are examined via end-to-end energy and throughput perfor-
mance. Two layered protocol architectures (i.e., GEO and TPL)
are built for the comparison with our proposed design. The
detail configurations are explained as follows:

[GEO] Geographical Routing (Section III-D) + DS-CDMA
(Section III-D and 1V-B) + Distributed Power Control
(Section IV-A) + MI Channel Model (Section III-B): This
protocol configuration employs previously proposed distributed
power control and DS-CDMA (via chaotic code) scheme for
physical and MAC layer, respectively. For the routing algo-
rithm, it reduces the distance from the transmitter to the des-
tination by selecting the next closet node to the destination as
the next hop.

[TPL]TPL-Based Greedy Routing + DS-CDMA (Section I1I-D
and IV-B) + Distributed Power Control (Section IV-A) + MI
Channel Model (Section III-B): This protocol configuration is
much similar to GEO, except that the routing decision is based
on the channel quality of the transmitter with its neighbors. The
channel quality is measured in terms of the transmitted power
level (TPL) for successfully bit decoding at the receiver. The
node that minimizes the required transmitted power the most is
selected as the next hop.

While the above layered GEO and TPL apply previously
proposed functionalities more or less, they only consider their
related layers without information sharing but with reasonable
assumptions for the other layers. These architectures along
with our distributed design are evaluated in a 3D underground
cube with the volume 10 x 10 x 10 m®. A variable number
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Fig. 11. Normalized energy consumption for the cross-layer DEAP and the
layered protocols of TPL and GEO.
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Fig. 12. Normalized successfully received packet rate for the cross-layer
DEAP and the layered protocols of TPL and GEO.

of sensors (from 10 to 50) are uniformly deployed in such an
area, as three source-destination pairs are randomly selected
among them. Also, to approach more practical and reasonable
scenarios, the maximum transmission range of a transceiver
pair is restricted to 12 m suggested by the previous results
in Section V-A, as it costs too much energy and gets little
throughput under too long distance.

Figs. 11 and 12 show the normalized energy and successfully
received packet rate for end-to-end data flow. As the number
of sensor increases, there exists more good routes (i.e., those
provide better end-to-end performance) and the greater cooper-
ative diversity is thus obtained. Such advantages are revealed by
less energy consumption and more achievable throughput in all
three protocols. Specifically, without exchanging the informa-
tion among different layer functionalities and adopting layered
approach, GEO selects the set of nodes that sequentially move
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closest to the destination, mainly concerning the geographical
progression and providing the worst performance. As for TPL,
it minimizes the required transmitted power along the multi-
hop transportation, which trades more link transmissions (and
thus longer routes) for better energy savings. Aiming at yielding
the best energy and throughput performance concurrently, our
schemes surpass both GEO and TPL protocols with at least 50%
energy savings and 6 dB throughput gain. It comes from the
fact that jointly optimizing the communication functionalities
of different layers brings great synergies to improve end-to-
end system performance. These outstanding energy and spectral
efficiencies accompanied with low computational complexity
confirm that the proposed DEAP well suits underground envi-
ronments. Therefore, we introduce a new paradigm for reliable
and efficient MI communication and offer a novel avenue
towards distributed cross-layer design in WUSNS.

VI. CONCLUSION

In this paper, the interaction of key underground communi-
cation functionalities is addressed and a distributed cross-layer
design, the distributed environment-aware protocol (DEAP),
is developed to efficiently utilize the bandwidth-limited MI
channels in WUSNs. Leveraging a non-cooperative game, a
designated distributed power control enables the DS-CDMA
mechanism via chaotic codes for reliable link transmissions
under limited available network information. Furthermore, by
analytically solving the cross-layer framework with respect to
the given code length, statistical delay constraints are guaran-
teed and the optimal link throughput is achieved. Upon these
accomplishments, a two-phase decision strategy is employed
to sequentially tackle two sub-problems for the best feasible
energy savings and throughput gain, enjoying low computa-
tion complexity for great practicability. Performance evaluation
confirms that the DEAP provides high system throughput and
very low energy consumption within a guaranteed delay.

APPENDIX A
THE UNIQUENESS OF NE

Let p = (pi,p—i) and f(p) = Bur/(aln2) —
NI,T;/(eij9:;). We prove that f(p) is a standard function, as
it preserves the positivity, monotonicity, and the extendibility.

* Positivity: the condition of f(p) > 0 is equivalent as
B]\/[[&'i_jgz‘j/(NIjFi In 2) > a. It is satisﬁed via (19). If
Bu17in/ (Pmaal'i02) > Bar1€i3 93 / [(r, + 1) NI

Barigijgig Byigijgij. .
In2, a< 7 ATONI T3 T,NT,In2 > otherwise,
. min z 7
Barrd o, Bumigijgij Bumicijgij
a4 p—s = (max{l,} T No) [T 2 < T,NT,In2" Thus,

f(p) is positive.
* Monotonicity: from (4), I; is analytically derived

as Zgzl,a;ﬁi hajPar, = (EZ:l,a;ﬁi \/Eajpa)2~ If
: Li(p)—1;(p’
pi > i for every i € A, () — f(p) = OO0
n 2 n 2
([Za:l,a;ﬁi VE“”’"‘] 7[ a=1,a%#i VEij"] )Fi .
e <0, which
means f(p) is monotonously decreasing.
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* Extendibility: for every ¢ > 1, we have cf(p) — f(ep) =
(C— 1)[BM[/(CL In 2) — NOF!/(EUQU)] ACCOFdng
to the statement for the positivity, a < % <
%, which implies ¢f(p) — f(cp) > 0 and f(p) is
extendible.

Thus, f(p) is a standard function with an unique fixed point;
the NE is unique in this game.

APPENDIX B
THE OPTIMAL LINK THROUGHPUT

To ease the derivation, set A equal to 7/(1—7)
and y equal to L/(R;jRZ — LQ;;). Then, the inequal-
ities in Section IV-B are simplified as Ay >0, Ay >
0, A3 > 0, —wa + My? + Ao L + 2X3y%[y — A(y — T35)] = 0,
and A1 (y — 7Ti5) + Aa(=Ly~ ') + A3ly® — A(T;; — )*] = 0.
Considering the possible values for KKT multipliers, we have
A2 =0, as LQ;; — Rl-jRg < 0 due to finite link delay. Also,
for Ay and A3: 1) A\; =0, A3 = 0: no possible solution since
wo is assumed to be positive; 2) Ay >0, A3 =0: when
A < 1, Yy = TTij, )\1 = w2/(7_27—‘73'), and Q,El) = RZJRg/L -

1/(tT;5); 3) A1 =0, Az >0: when A >]1, y? = A(T;; —
Y% A = wa(l— AP/2(Ty VAP (L~ VA, and Q; =
RijRE/L — (1 — A)/[TiVA(L — VA); 4) A >0, A3 > 0:
when A=1,y=T;;/2, \i +2T;;\3 = 4w2/Ti2j, and QS’) =
RijR{ /L — 2/T;;. The second-order test [31] is then easy to
take. Thus, in summary, for A <1, Ql*»j = Q(l)' for A > 1,

17 ’
ij Qij :
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