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Abstract—Magnetic Induction (MI) communication technique
has shown great potentials in complex and RF-challenging
environments, such as underground and underwater, due to &
advantage over EM wave-based techniques in penetrating Isg
medium. However, the transmission distance of Ml technique
is limited since magnetic field attenuates very fast in the ra
field. To this end, this paper proposes Metamaterial-enhared
Magnetic Induction (M?2l) communication mechanism, where a
MI coil antenna is enclosed by a metamaterial shell that can
enhance the magnetic fields around the MI transceivers. As
a result, the M?l communication system can achieve tens of
meters communication range by using pocket-sized antennafn
this paper, an analytical channel model is developed to expte
the fundamentals of the MBI mechanism, in the aspects of Fig. 1 IIIustration_ of the MI comr_nunicatiqn between two M transceivers
communication range and channel capacity, and the suscepility ~ (M! coil enclosed in a metamaterial spherical shell).
to various hostile and complex environments. The theoretal
model is validated through the finite element simulation sdfvare,
Comsol Multiphysics. Proof-of-concept experiments are ab con-
ducted to validate the feasibility of M?I.
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magnetic field generated by the transceivers in the near, field
which attenuates very fast. Consequently, the range of Ml
communication is very limited.

To this end, we introduce metamaterials to Ml communica-
tions, which can manipulate and enhance the magnetic fields
transmitted and received by MI transceivers. Metamaterial
are artificial structures made of carefully designed baogdi
égl_ocks, which can generate unique physical phenomenon such
s backward waves and negative refraction index [7], [8].

environments that cannot be covered by existing wireless co he novel prop_erties_ of meta_materials have been utilized in
munication techniques, including underground, undenv,vatéub\'vaveler?g_th imaging [, W|re_less power transfer [10H a
oil reservoirs, groundwater aquifers, nuclear plantseimes, antenna mlnlatgrlzatlon [.11]‘ _Slnce the key problgm of the
tunnels, and concrete buildings. Wireless networks in sulfl cOmmunication technique is the fast falffaate in near

environments can enable important applications in enviro%ld’ we see great pote_'ntlals In using metar_natenals toresEha
mental, industrial, homeland security, and military fielsisch I-based communications and finally achieve both extended

as monitoring and maintenance of groundwater/anail medium penetration performance and practical cor_nmuninati
reservoirs [1], or damage assessment and mitigation ireauicl’aN9es: TO_ date, nofferts have explored t_he _deS|gn of the
plants [2], among others. However, the harsh wireless msnnmetgmaterlal enhancement of Ml communications in complex
prevent the direct usage of conventional electromagngit) ( environments. .

wave-based techniques due to the high material absorptior#r_] this Paper, We propose thg M(_atamatenal-e_nhanced Mag-
when penetrating lossy media. netic Indu_ct|on (MI) communication mechanlsm _for the

Among potential solutions, the Magnetic Induction (Mlaforementloned wireless applications in various envirents

technique has shown great potentials in underground [3] a

t are structurally complex and challenging for RF wissle
underwater [4] environments. In a Ml communication syste ignals. By introducing the f antennas (the M coil antenna
the HF band magnetic field generated by a MI transmitt

gpclosed by a metamaterial-enabled resonant sphere,\&ns sho
coil is utilized as the signal carrier [5]. Since most naturd” Fig. 1), we show that thefcient wireless communication
media have the same magnetic permeability as air, Ml kee

be realized in lossy environments with good range. The
the same performance in most materials. Even in lossy me

ole communication process (starting from the transmitte
like groundwater, the Ml path loss caused by skin depth cyif the lossy transmission medium, and ending at the regeive
be minimized since Ml communication is realized within on

S investigated as an integrated system. We develop an ana-
wavelength from the transmitter [6]. In addition, Ml doe

ytical channel model that quantitatively captures thequei
not sufer from the multipath fading problem in EM wave-nteractions among MI transceivers, the metamateriableaia
based solutions [4]. However, Ml systems depend on t

Index Terms—Metamaterial-enhanced Magnetic Induction,
Wireless Communications, RF-challenging Environments.

|. INTRODUCTION

Despite the presence of wireless connectivity in most t
restrial scenarios, there are still many hostile and corpl

sonant structure, and complex environments, which are no
observed in existing metamaterial applications. The psedo
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M2l mechanism and the channel model are validated by both
the Finite Element Method (FEM) software, i.e., Comsol Mul-
tiphysics [12], and proof-of-concept experiments. Basethe
derived channel model, we confirm the feasibility of achigvi
tens of meters communication range irfIystems by using



pocket-sized antennas. The developed channel model bridigeportantly, M| communication is designed to operate in
the communication system optimization with the metamatericomplex media, which dramatically change the condition and
device design. the properties of metamaterial resonance. In addition,nwhe

The reminder of this paper is organized as follows. Relatedmparing performances with conventional antennas,iegist
works are presented in Section Il. Then, in Section lll, aworks, such as [27], use the same dipole moments. However,
analytical channel model for &l communication is developed since MI in lossy medium can have very large frequency-
to characterize how the metamaterial sphere works i Mdependent resistance, the metamaterial antenna usedlin M
systems in lossy media. Next, the channel characteristzan have dramatically fierent dipole moments from conven-
of M2l communication including the point-to-point and Mitional antennas when the input power are the same.
waveguide communication are discussed in Section IV. Kinal

this paper is concluded in Section V. [1l. M oDELING AND ANALYSIS OF M2l COMMUNICATIONS

Il. ReLatep Work In this section, an analytical channel model of the proposed

MI techniques have been utilized in many complex enviroM?l communication technique is developed for complex and
ments. In [13], [14], [15], voice and low data rate communiRF-challenging environments. Specifically, metamaterak
cations have been established by MI in underground mines.imtroduced to enhance both the wireless communicatiomgusi
[4], [16], [17], Ml communication is realized in lossy undes- point-to-point Ml and MI waveguide. The MI waveguide is
ter environment, where very large coil antennas are utilizeactually a sequence of point-to-point pairs. Hence it shtire
In [3], [5], [18], MI is introduced to wireless undergroundsame theoretical foundation as point-to-point MI. Therefo
sensor networks, where wirelessly networked sensor devide first developed the path loss model for point-to-point
are buried in soil medium. In [19], Ml is utilized to transmitM?l, which can be easily extended to?Mwaveguide. The
both data and power into human body for medical applicatiorfiscussion on the optimal metamaterial shell configuraison
Besides theoretical research, many commercial M| syste@§0 universal for both settings.
have also been developed for mining safety and undersedn the following analysis, we use boldface lowercase lstter
surveillance [20], [21], [22], among others. Despite of th&r vectors and boldface capital letters for matrices. For a
advantages, the existing MI communication systems haye v&ectorh,, we useh, to denote its magnitude and a unit veator
limited ranges due to the fast falidn near field unless very to denote its direction. For a matr§ S' denotes its transpose
large coil antennas are used. To extend the very limitederangnd detf) denotes its determinant. For a complex number, we
waveguide structures [23] can be utilized. In [5], we showseR(-) andJ(-) to denote the real and the imaginary parts,
underground MI communication range can be significantfgspectively. If there is no special notation, the congider
extended by passive relay coils, i.e., the MI waveguidd®ssy medium in this paper is underground soil medium.
However, Qmstmg MI waveguides require very h'gh de”S'tx. Enhancing MI Communication using Metamaterials
of relay coils, which prevents practical implementation.

Metamaterials have been utilized in a wide range of applica- The original MI communication is accomplished by using
tions, such as the metamaterial cloak, metamaterial eedang transmitter Ml coil and a receiver MI coil [5]. Instead of
MRI [9], and metamaterial antenna [11]. Among the variougsing the widely used propagating EM waves in the far field,
research thrusts in metamaterials, two areas are mosargleyhe Ml communication utilizes the magnetic field generated
to our work, inc|uding wireless energy transfer and RF aﬂ%nfrom the transmitter Ml coil in the near field. Modulated by
miniaturization. (i) In [10], a metamaterial slab is intramed digital signals, such magnetic field can induce the currest t
to increase the wireless energy transfiiceency. In [24], [25], carries signals at the receiver MI coil, which complete the
the metamaterial enhancement in energy transfer is vatidawvireless communication.
in both theoretical analysis and experimentsfi@ent from  In the Ml system, the MI communication is enhanced by
the single frequency wireless energy transfer, tHé ddmmu- €nclosing the original MI coils with metamaterial sphefica
nication system proposed in this paper requires the wseleghells. The near field EM components can be manipulated
signals occupy a significant bandwidth to carry informatiodnd possibly enhanced by letting waves travel through the
with high date rate. Moreover, existing metamaterial-emied Mmetamaterial layer. In this subsection, we initiate thelysis
wireless energy transfer systems need a large metamadetial by discussing how the metamaterial sphere influences the
(much larger than the coil itself). The charging range is to¥iginal MI communication mechanism.
short for communication systems. Therefore, a technotbgic According to our previous work in [5], the channel of the
breakthrough is required to realize the?lMcommunication. original MI communications (as well as the Ml waveguide) can
(i) In [26], metamaterials are introduced to the field of RPe modeled by the equivalent circuits shown in Fig. 2, where
antenna miniaturization. In [27], [28], an electrical dipo Rec is the coil's resistance;; is the coil's real self-inductance;
antenna enclosed in a metamaterial shell is investigatedGris the compensation capacitor used to tune the circuit to be
deep subwavelength range. The far field propagating wa@sonantR is the receiver loadyy is the source’s voltagevi
and the radiated power from the electrical dipole can b&the mutualinductance between two adjacent coils. Thal ide
dramatically amplified in lossless air medium. In contraspower source has no impedance, which is consistent with the
the M2l communication discussed in this paper focuses d@llowing Comsol FEM simulations where the source is also
the near field EM components, especially the magnetic fidideal. In order to compensate the real inductance and azhiev
around magnetic dipole (i.e., coil), which needs a maj&ircuit resonance, the compensation capactior ﬁ is
reexamination on the metamaterial resonant structureeMattilized, wherewq is the resonant frequency of the coil.



including the channel bandwidth and channel capacity, can
also be derived based on the path loss analysis, as shown in
Section IlI-C and Section IV. Based on the equivalent circui
model in Fig. 2 and above discussions, the general path loss
formula in M?I channel between two transceivers (point-to-
point communication) can be expressed as

| | P AMPR/R+R+wl)
TX Coil o M Relay Coil - _RX Coi P. (Re+wl)(R+R + ol + w?2MP2’

_ Pl w|M|
Lpop=-10 Iog{ Pt} ~ =20 IOg—Z(RC Tol) (1b)

where the load resistand® is designed to maximize (1a),
which equalsR. + wol. To elucidate the physics better, (1a)
Fig. 3. Equivalent circuit model for & waveguide. can be approximated by (1b) at the resonant frequency. The
precondition is thatwM is much smaller tharR. + wl;.

should be noted that for original MI, the imaginary part cé thThis approximation is practical sindg is very large due to
self-inductancel; ~0 since there is no strong metamateriahe resonance of the metamaterial shell. Moreover, since we
amplification. consider loose coupling for long distance communicatiba, t

In M2l, the equivalent circuit models are still valid butmutual inductance is very weak. As a resultM is much
need a major modification. In particular, the metamateriamaller tharR;, so that the precondition holds.
sphere can dramatically change the properties of all tife sel Similarly, the M| waveguide is formed by adding the
inductanced. and mutual inductanced in Fig. 2. On the one metamaterial sphere on each MI coil (including the trantemit
hand, the mutual inductance is expected to be dramaticalsteiver, and relays) in an Ml waveguide. Consider thatether
increased in M. Since the design objective of the metaare n — 2 relaying coils in the waveguide. The first coil is
material sphere is to amplify the near field components gfe transmitter and the last one is the receiver. All theysela
EM waves, more magnetic flux goes through the transmittgfe well placed along a line with equal intendl Based on
and receiver coils so that the mutual inductance is incteasghe equivalent circuit for M1 waveguide shown in Fig. 3, the

On the other hand, while the self-inductanteis real in general path loss formula can be approximately expressed as
the original MI, it becomes a frequency-dependent complex wM|
number in Ml, i.e., L = L, — jL; whereL, andL; are real Lug = 20(1-n) Iog(i). (2)
positive numbers. The imaginary part bf(i.e., L;) forms the Re + wli
frequency-dependent resistance iflMntenna, which comes  According to (1b) and (2), the path loss in both?IM
from two unique sources in fit the metamaterials and thepoint-to-point communication and ¥Mwaveguide are strong
complex environments. Firstly, on the resonant metanateriunctions of the mutual inductanckl, coil resistanceR.,
sphere that is very close to the MI coil itself, significantigd and the frequency-dependent resistahgebrought by the
currents are induced on the metallic components. The edgigtamaterials and the propagation medium. SiRgeis a
current generates a secondary magnetic field that opposesstant value, onli¥ andL; can be manipulated by designing
the primary field, which reduces the current in the MI coilhe metamaterial sphere. To reduce the path loss and enlarge
and equivalently increases the impedance. Secondly, 88§ lothe communication range in ¥ a straightforward strategy
medium also contribute to the imaginary part of the selfs to increase the mutual inductand¢ and decrease the
inductancelL due to the induced eddy current. Since thirequency-dependent resistarige according to (1b) and (2).
impedance of an inductor i€, = jwlL, wherew is the However, such strategy cannot be easily applied since the
angular frequency, the updated impedance with imaginafyetamaterial shell can amplify boM andL; simultaneously.
inductance isjw(L; — jLi) = jwLs + wLi. Accordingly, the If we reduceL;, we might lost the gain oM. To investigate
compensation capacitor becom€s = ﬁ to achieve the this traded, the fraction Ri“m can be used to define a new
magnetic resonance. ’ metric for M?l communications, i.e., thenductance Gain (IG)
Once the reactance is canceled at both transmitter aodcharacterize the benefit from metamaterial shell. We @eno
receiver, the receiver lodg is matched with the coil resistancethe inductance gain a8y, which is:
R. and the additional lossL;, i.e., R = R; + wL;. Different RO M™metq
from the EM wave-based wireless systems, the transmittér an OM = 7=rem TEENTVIG (3
receiver in M| and MI are closely coupled to each other (R + wL "M
so that the impudence matching are done in an integrartiereM™ and L™ are the inductances by using metama-
transmitter-receiver system. Or in another word, receiser terial shell, M° is the mutual inductance without using meta-
part of the loads in transmitter while the transmitter is thenaterial shell. Note that without metamaterial,is relatively
source in the receiver. small and can be neglected here (unless in high conductive
Since the range of a wireless communication system rigedium such as seawater and under ocean environments,
mainly determined by the channel path loss, we pay specihich is out of the scope of this paper).
attention to investigate the path loss irfIMt should be noted  It's worth mentioning that when comparing with the coil
that the formulation of other important parameters iflM without metamaterial shell, we set the coil’'s radiusr agthe

Fig. 2. Equivalent circuit model for point-to-point ¥ communication.

(1a)
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outer radius of the metamaterial shell) insteaa ¢foil radius and electric field, respectively. The time-dependagk€ is

inside the shell) for fairness. Then, we denote the resistah assumed. In lossy medium, the conductivityhas significant

the smaller coil inside the metamaterial shellR¥'and the impact on the MI communication.

resistance of the larger original Ml coil &. In the following  Following classical electromagnetic theory, we first con-

sections, the optimization objective of the metamatephkse struct the general solution to wave equations in spherical

design is to maximize the inductance ggim in (3). coordination. Then based on boundary conditions, we can
obtain the complete solution. Notice that, since the magnet

B. Modeling the Metamaterial-manipulated EM Field ir?M dipole’s radius and its wire radius are much smaller than the
According to the general framework of A and the wavelength, the antenna only radiatesol.EMoreover, the

. ) . metamaterial shell is much smaller than the wavelength, we
metamaterial enhancement strategy discussed in the peevi

. . 8nly need to consider the first order mode [31]. Thus, the
_subsectlon, the _mutual mductanMa and t_he complex Se.lf' unknown magnetic fields in each layer can be expressed as
inductanceL, — jL; play important roles in Ml communi-

cations. To quantitatively characterize the influence & th {hrl = 200y jy (kar)F,

“’,ITSt layer : (4a)

wr

metamaterial sphere on the mutual and self-inductance, ey = jSiﬁéal[jl(klr)+klrjl’(klr)] o:
this subsection, we investigate and model the metamaterial ‘i)}zl%cose . R
manipulated electromagnetic field around both th& tvans- hr2 = ‘Jﬂzr [az2]1(kar) + asyi(ker)] T,

mitter and receiver. The field model is then validated by2" layer: {h,, = %’{az[jl(kzr)+k2rj1'(k2r)] (4b)
Fhe FEM S|mulat|ons..F|naIIy, a prcl)o-f.-of-concegt gxpem’ne +a3 [ya(ker) + koryy’ (kor) ]} 6;
is discussed to confirm the feasibility of the“Min real

implementations. {hrs - Ma4h(lz)(k3r)f,

It should be noted that we focus on theIpoint-to-point 3 layer: hua = ﬁrﬁm [h(z)(kgr) N kgrh(z)'(kgr)] 3 (4c)
communication in this subsection. The performance of the wpsr 1 1
M2| waveguide can be easily derived based on the analy$iBereai is the unknown coécient; ji(kr) is spherical Bessel
of point-to-point communication. Moreover, the orienpati function of the first kind and order 1, and(kr) is spherical
of the coil inside a metamaterial shell cafiegt the system Neumann function of order 1hP(kr) is spherical Hankel
performance especially when two coils are perpendicular fienction of the second kind and order 1, and the prime symbol
each other. This problem can be solved by the tri-direction@enotes derivative.
coil antenna [1] that mounts three concentric and orthogona According to Maxwell equations, the normal component of
signal coils together in both the transmitter and receifar. the magnetic flux B) and the tangential component of the
each of the three concentric coils covers one direction é tmagnetic field i) should be continuous at the boundary. Then
Cartesian coordinate, the entire 3D space is covered. Thbp,adding the excitation source and rearranging (4), we can
no matter how the transmitter or receiver moves and rotatastain the unknown cdgcients by
during deployment or operation, reliable wireless charmael A= SL¥ (5)
be maintained. The tri-directional coil structure can bsilga ! eta™ b
inserted into the metamaterial sphere irfIMiiscussed in WhereA{ = [a1, @2, @3, @4]; Smeta is @ codficient matrix and
this paper. The performance is also easy to model by simply is the excitation vector. The detailed expressionsSadta
adding the fields from the three coils. However, such ansly$ind ¥; are provided in Appendix A. After solving (5), by
would add unnecessary complexity and defocus the key posstbstituting the unknown céiicientsas, a2, as, andas into
in this paper. Hence, we only consider coaxially-placedscoi(4), the intensity of magnetic field around theMransmitter
in the following analysis. Detailed discussion on the M} tri(outside the metamaterial sphere), itgs andhs in (4c), can
directional coil antennas can be found in [1], [29], [30]. be derived. The magnetic field intensity around thél kbil

1) EM Field around Ml Antenna: Consider the Ml point-  (inside the metamaterial sphere), ile.4 andhg in (4a), can
to-point communication between a?Mransmitter and a ¥1  also be derived.
receiver, as shown in Fig. 1. The coil is located at the centerSimilar as the transmitter, the magnetic field in each layer
of the metamaterial shell. We define the space inside aofithe receiver can be expressed by (4). Thfedence is
outside the shell as the first and third layer, and the shétilat the magnetic field in the third layer is the scatteredifiel
itself is the second layer. In the first and second layersethdrom the receiving shell. In order to distinguish the trartsn
are standing waves while the third layer has traveling wavand receiver, the unknown dieients are3; for each layer at
Hence, spherical Bessel function of the first kind and sjghéri receiver side. By substituting; with 3; in (4), we can obtain
Neumann function are used to construct the solution in tifee magnetic field intensity inside the receiver’s shells&h
first two layers. Due to the singularity of spherical Newmanon boundary conditiong; can be determined by
function, only spherical Bessel function of the first kind is A = SLW ©6)
used in the first layer. Spherical Hankel function is utitiza ' et >
the third layer. For th&" layer, the wavenumbéy = vw?uie, WhereAr = [B1, 52,83, B4]; and similarly detailed expressions
wheree = e&i — |2, € is the vacuum permittivityg; is the for Smeta@nd ¥, are provided in Appendix A.
relative permittivity,u; = uouri, no 1s the vacuum permeability, Once the solutions of the cfiientsp;, B2, B3, andB, are
i is the relative permeability. Als@ is the antenna radius, derived, the magnetic field intensity distribution arouihe t
lo is the antenna current,is the distance from the origim;, receiver (inside the metamaterial sphere) can be expréssed
is the wave impedance, ardand e stand for magnetic field the same format given in (4) (replacing with 31).
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Fig. 5. Magnetic field intensity around transmitting coildail medium.(The loss is Q'Oﬁo'_ln this paper, we Con5|d% has three Ieve_Is of
center of the transmitting coil is located at 0 m, extendiagards receiver 10SS€S, i.€., high loss, low loss, and no loss. The correipgn

from O mto 0.2 m.) parameters are: high losg, = (-1 — 0.05j)uo, low loss
uz = (-1 - 0.005)uo and no lossu, = —pp. Comsol

2) Validation using FEM Simulationstn this subsection, simulation model is shown in Fig. 4. It's an axis-symmetric
we verify the developed field model via FEM simulation irmodel where the coordinate is cylindrical. AWC module is
Comsol Multiphysics [12]. The system configuration is set agilized here and the distance between two coils is 5 m. All
follows. The overall size of the metamaterial sphere is stte parameters in the simulations are summarized in Table I.
to be 10 cm in diameter, i.er, = 0.05 m. Such antenna Different from [27], when comparing the performances, we
size can be fit in many wireless devices. Similar to mospnsider both the ¥ antenna and the original MI antenna
MI communication systems, the operating frequency is seaive the same transmission powey instead of the same
at 10 MHz. A single negative metamaterial layer is usedntenna current. As discussed in Section I1I-A, th# bbil has
Without loss of generality, we set the relative permeapilitadditional frequency-dependent resistance from the inzagi
of the metamaterial to bel, i.e.,u, = —up. The transmission self-inductance, which can consume significant power. ker t
medium outside the sphere is considered to be soil with thensidered four scenarios, the input impedance highlymigpe
relative permeabilityus = wuo, permittivity es = 2e, and on the additional resistancevl(j). Therefore, to make the
conductivity 2 m@&m. comparison fair, we set the transmission poweiin (1b) as

The maximum inductance gain (IG) can be obtained by W for all of the four scenarios.
finding the optimal thickness of the metamaterial layer, i.e As shown in Fig. 5 and Fig. 6, the magnetic field intensity
r1, and the permeability of the infilling inside the sphere,, i.ederived by the theoretical field model has good match with the
w1 (See details in Section 111-C). Since we only need to vaBdaFEM simulation results at both transmitter and receivee sid
the field model derived in this subsection, we directly use ttOn the one hand, we observe that by using the metamaterial
optimal valuesr; = 0.025 m andu; = 5Sup. In addition, the shell with optimal parameters, the magnetic field intensity
size of the MI coila is supposed to be as large as possiblean be increased by more than 1 order of magnitude, com-
[5]. Theoretically we can set = r;. However, as approaches pared with the original Ml system. On the other hand, the
ri, it will cause strong ffect on the boundary. As suggestednetamaterial loss can dramatically reduce the gain brought
in [32], % = 60%. Thus, we sed = 0.015 m. For fair by the metamaterial sphere. Also, notice that the receiver
comparison, the radius of the coil without metamateriallsheside has larger gain than transmitter side. The reason is the
is set to be 5 cm (the same &g. It should be noted that magnetic field is amplified again by the receiver's metanmalter
the above parameters of the metamaterial sphere are @lactghell. In Fig. 8, the enhancement on the magnetic field by
As demonstrated in [33], [34], it is possible to fabricatevlo no loss MI is visually shown by the Comsol simulation.
loss metamaterial with unit size less the;éo—o/l at around The two configurations have the same input power. The coil
10 MHz. The metamaterial sphere thickness used in this papéth metamaterial shell can generate much stronger magneti
(r;=0.025 m) is7—§0/1, which is well above the threshold. field. Also, the amplification at the receiver side is obvious
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15.5 MHz (i.e., achieves the negative magnetic permegplailit

15.5 MHz). The equivalent circuit for transmitter and reeei

is shown in Fig. 10. Thanks to the lossless environmigntan

be neglected. As a result, Ml anc’Mhave the same equivalent

circuit. The inductance is still compensated by a capactiior

s make the circuit resonant. Thefldirence from the theoretical

model is that the source is not ideal (it has resistaRgeand

also the receiver loaR, is fixed.

/ ; = Based on the equivalent circuit and loose coupling assump-
o . tion, (1a) for both Ml and MI can be updated according to

the experimental configuration:
MI TX
= MIRX Pr R

P~ R+ RIR+R)

Fig. 8. Magnetic field (Unit: Am) of M2l communication (upper) and h
conventional Ml communication(lower) in dB scale. Distanis 5 m and

metamaterial shell has no loss. In (7), while T is the same in both Ml and ff, the only
difference isM. AlthoughRy andR, are fixed so that we cannot

In contrast, the original MI receiving coil has very weakdiel changeR, to match withR; (as in the theoretical model), the

which almost cannot be seen from the figure. performance dference between MI and Mkeeps the same.

In addition, the &ect of a ferrite core at the receiver isMatching the resistance can only incredsavhich is the same
discussed since this strategy is widely used to improve Mffar Ml and M?l. The diferences on power ratios between M
performance. As shown in Fig. 7, we consider that the@d M are still the same, i.e., the enhancement 6f keeps
is a spherical core inside the receiving Ml coil. The radiu§e same regardless the resistance is matched or not.
of the core is the same as the outer radius of metamateriallhe experimental setup is shown in Fig. 9. The Ml transmit-
shell, i.e., 0.05 m. The relative permeability of the core ier is enclosed by the metamaterial shell while the Ml rezeiv
200. Configurations of MI without ferrite core and?Mare is an original Ml coil antenna (8-turn, 2.5 c¢m radius). The
the same as previous discussions. Note that, due to the Mgilent 8753E RF network analyzer is used to measure the
permeability, the magnetic field (#) inside the core is very Sz1 parameter of the prototype. The transmitter coil (inside
small. However, since the ferrite core has large permegbilithe metamaterial shell) and the original MI receiver cdile(t
we obtain a large magnetic flux intensitg £ uH). As shown wire loop) are connected to the two ports of the network
in Fig. 7, the enhancement from the ferrite core in the odfjinanalyzer, respectively. On the one port, the network aealyz
MI is much smaller than that from &t which proofs the more feeds the transmitter coil with 14 to 17 MHz signals. On
significant enhancement of ¥ the other port, the signal received by the MI receiver coil

3) Experimental Validation:To validate the predicted fl is input to the network analyzer to display the measurements
enhancement, a proof-of-concept prototype of metamaterf@r comparison, we also conduct the same experiment for a
sphere is designed and implemented. As shown in Fig. 9, titi@nsceiver pair without the metamaterial shell.
ideal spherical shell is approximated by a 36-face polytiedr Fig. 11 gives the received signal strength of the Ml com-
The diameter of the polyhedron is approximately 10 cm. Eachunication with and without the metamaterial shell, i.e?IM
face of the polyhedron forms a metamaterial unit, which is a @nd MI, respectively. The receiver is placed 10 cm away
turn coil with 1.5 cm radius and loaded with a variable capatrom the M| transmitter. Around the resonance frequency, i.e.,
itor. An 8-turn MI coil antenna with 2.5 cm radius is fixed in15.5 MHz, more than 20 dB enhancement is observed when
the center of the polyhedron. By tuning the variable capacit the metamaterial shell is used, which is consistent withtiee
the fabricated metamaterial shell can achieve the resenancoretical and the simulation prediction. Therefore, theocemt

Coil

GIMPE =T -AMP. (7)




of metamaterial enhanced MI communication can be provadd M can be simplified as
by this initial prototype and experiment. It should be noted 4 3 3

that, the experiment results are not directly compared thi¢h [zL0+"p1a K1 [rZ('ul H2) o+ 24t + 1z 53)(2”14"“2)],
numerical results in this paper. The reason is that cugentl 1802 (psi +p3rj)2r‘l‘rgp2y3 detSmeta)

it is still an open issue to model a fabricated metamaterial. (10)
Hence, we cannot exactly determine the values of metarahteri .

thickness, #ective radius, and fiective permeability, which Wi = -] ﬂa4,0§ﬂ§(p3i - parj)? A(r) (11)
prevent a directly and apple-to-apple comparison betwieen t 2 pzrzrzﬂs(pgi +P§r)2 [det(émeta)]z,

experiments and the numerical results. 2 1. 2
P whereps = ki, p2 = — jka, par = R(ka), pa = ~3(ks), all {py)

are real positive numbers, aridr) is a function of distance
which is determined by the antenna pattern. HereSigty is
the approximation of de$yets), Which is

detSmerd) ~ detSne) + O(%H - (12)

Based_ on the field model derived in the last subsectiong, [Zri’(,ul — p2) (s — p2) — r3(2uz + p1)(2us +y2)] 1
the self-inductance and the mutual inductance as well as 9 _ > 2 0(k-r_)’
other channel parameters in the2lMcommunication can be _ pa(psi + par ) Nrataits
calculated. However, the field model requires complicatedherek is the asymptotic approximation of all the wavenum-
calculations, such as the inverse of the matrix of Besde¢rs andr’is the asymptotic approximation of all the radii.
functions. Therefore, the model is limited to numericalitess  The detailed deductions for this approximation is provided
and can not provide analytical insights on the metamater#ppendix B. _
enhancement mechanism, not to say the optimization of thein Fig. 12, the accuracy of the approximation &i{o) is
system. To this end, we develop the analytical Mhannel numerically evaluated. The system configuration and param-
model with an explicit and tractable expressions of seléters are the same as Section IlI-B, where the no loss case
inductance, mutual inductance, and path loss, as well @fsu, is used. We increasg continuously. As shown in the
bandwidth and capacity. Then based on the analytical modiure, the approximation has good match with the exact nu-
the resonance condition as well as the optimal configuratiarerical results. Hence, the self- and mutual inductancedh M
of M2l communications are investigated. communications can be accurately and explicitly exprebyed

1) Deriving Explicit Expressions for Analytical Channe‘lo)’ (11), and (12). Then the channel path loss of tié M

Model: We start the investigation by calculating theéINself- point-to-point and waveguide communication can be derived

inductance and mutual inductance based on the developed f supstitutingL and M into (1b) ‘f.’md (2). Moreover, the
model. Due to the influence of the metamaterial shell, thie s andwidth and the channel capacity can also be calculated

inductance consists of two parts: one is the original inaiiceé based on the path loss formula, which are discussed with the

) o ;
generated by the coil and the other one is the inductaride! channel analysis in Section IV.

contributed by the metamaterial enhancement: It should be noted that the determinant changes its sign
. at the resonant pointr{=0.025 m). Such change causes the
L= P1 = 1 ffB ‘A dS=~Ly+ _4”01 [1_ sinka) , (8) negative self-inductance in M which has not been observed
o lo s jwkalo kia in existing works. We will discuss this unique property irxne
subsection.

2) Optimal Configuration of ¥ Communications: The
piransmitter and receiver are connected by mutual induetanc
M. According to (11),M can be maximized if de§nety) IS

C. Analytical Ml Channel Model

where®; is the magnetic flux through the transmit cdfl;is
the area of the coilns the orientation of the coil; antg
is the coil's self-inductance without the shell, which cam
approximated byLg = /,zla[ln(?—j) - 2], wherer,, is the wire ; ) . .
radius [35]. Similarly, the mutual inductance is the magnetzero (i-e., defmerd is very small). There exists an optimal

flux through the receive coil over the current in the transrrWt]et""'ﬁn"’uerIaI sphere thicknesgsthat can g_reatly reduce the
coil, which can be expressed as value of detGnety)- As a result, the mutual inductan®é can

) be significantly increased. Then the magnetic field intgnsit
M = B [1_ sinfua) | (9) around both MI transmitter and receiver can be dramatically
jwkilo kia enhanced. The condition to achieve such enhanced peak is to
Note that, the reradiated field from the receiver coil is ans find ry that makes de§nets) = 0. The solution to defnetg) = 0

ered in this mutual inductance since it is bidirectional. can be developed as
According to (8) and (9), the key cfiients that determines r 4 4
the self-inductance and mutual inductance @reand ;. To f_ oG+ p) (22 ﬂl)- (13)
r 2(uz — p3)(u2 — p1)

deriveps, a4 is also needed to be calculated. Thoseflecients
need to be derived through (5) and (6), which require thelf the metamaterial sphere satisfies (13), it achieves the
calculation of the inverse of a matrix consisting offdient metamaterial resonance. Such resonance cannot be achieved
types of Bessel functions. To derive tractable channel mod#é u, is positive since; < rp, which necessitates the usage of
such functions need to be simplified. Fortunately, since tllge metamaterials as the second layer of the sphere. Alse, if
shell and the antenna are electrically small, kg, << 1, L  use a ferrite core for coil antenna to improve the perforreanc
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1 can be increased to more than 49OBy adjustingr; we Similarly to the imaginary part in Fig. 13, the real part lof
can still find the resonance configuration. is dramatically amplified at the resonance point.

This resonance condition is also observed in other metamaAccording to (3), the inductance ga@v between the NI
terial antenna designs [27] and [36], where it appears tiet transceivers is in fact determined by the ra¥gL;. The dtect
resonance is the optimal operating mode since it amplifies tf resonance orgy is not clear yet since bottvl and L
radiated power in the far field to the maximum extent. Angre maximized at the resonance point. However, according
deviation from the resonance can significantly deteriotiage to (8) and (9), M is inversely propositional to [deg}]?
antenna’s performance. In contrast, thél Mommunications while L is inversely propositional to dedf. Considering that
depend on the near field where the radiated power is notthg resonance condition is in fact dgt(= 0, M is more
important as in the far field communications. Moreover, igignificantly amplified tharL; when resonant. Hence, we can
lossy media, the resonance not only maximizes the mut@ainclude that the metamaterial resonance is still the @btim
inductanceM but also maximizes the frequency-dependenperation status in . However, due to the same resonance
resistancevL;. Therefore, the role of metamaterial resonanc#tect of the frequency-dependent resistance (which incurs
in M2l communications needs a major reexamination. loss), the system performance does not deteriorate asdast a

The frequency-dependent resistangk; comes from the existing metamaterial antennas Whand_eviates away fr_o_m
imaginary part of the self-inductante Hence, we investigate € optimal value. Hence, the#Msystem is not very sensitive
the dfect of metamaterial resonance on the self-inductancd® the size deviations, which is favorable in practical devi

given in (10). Under the resonant condition in (18)can be fabrication. _ _ o
updated as Before numerically investigating theffects of resonance

. 3 3 on the inductance gaig@y, we first investigate an interesting
[~ pima [rz(ﬂl_ﬂZ)(ﬂﬁzﬂS)+r1(ﬂ2_/“‘3)(2“1+/“‘2)]_ observat.ion in_ Fig. 14, where the inductance becomes wvegati
1802(p5i +par )21 4papis - O(2) whenrq is a little smaller than 0.025 m (the resonance con-

(14) dition). To find out the reason of the negative self-inducen

In (14), the absolute value of the second term is maximiz&q. analyze the. under the non-resonant condition. When the

: . o resonant condition (13) is not satisfied, the first term in) (12
smceo(kir) is the minimum value of de§etg. If the trans- becomes dominant.(Th)efn can be expressed as ) (

mission medium is lossless, such as the air medium in mos . 5
existing works, the second term in (14) is real since the ratp ry(ua—p2)(u2+2uz) +r7(ue—ps)(Zua+12)

’ ] ! Enrch +
Wavenur_nber of the _medlukzg is real (i.e.o3 = 0). Therefore, 0 er 2ri’(,ul—,Lt2)(ys—,Lt2)—r§(2M2+,u1)(2/13+,u2)
the self-inductance is real, which can be compensated by the raltus L
capacitor. Hence, even the self-inductance is maximized, n = Lo+ glf—” (15)
additional loss is introduced to the?Msystem. However, in 2ry td

the lossy medium considered in this paper, .the Wavengkmtheregn = rg(m — 12)(u2 + 2u3) + rf(ﬂz — 13)(2u1 + p2) and
becomes complex. Consequently, the imaginary pakt@®., (4 = 2r3(uy — po)(us — p2) — r3(2uz + p1)(2uz + pz). From
the frequency-dependent resistance) in (14) is also magihi (15), we observe that the imaginary part lofdisappears if
when resonant, which causes significant loss ffi.M the metamaterial sphere is not resonant, which is consisten
Fig. 13 shows the total resistanthc _?' = R. + wl;) of Wwith the results shown in ~Fig. 13 and Fig. 14. An interesting
a M2l coil in the soil medium as a function of the spher@bservation is that the re&al"® can be negative.
thicknessri, based on both the developed model and FEM Fig. 15 shows the value of the numerafgrand denomina-
simulations. As predicted, the coil resistance is extrgrizebe tor {4 of L™ in (15) as a function of the sphere thickness
when the sphere is resonami & 0.025 m). Hence, in I, When the metamaterial sphere is not resonant, the denaminat
the resonance condition amplify both the mutual inductanég can be either positive or negative:rif < 0.025 m, ¢4 <0
M and wl;. As the sphere thickness moves away from while if r; > 0.025 m, ¢4 > 0. Since¢, does not change its
the resonant conditiorl,; approximates to 0. As a result, thesign, L have diferent signs in the two regions. As a result, the
frequency-dependent resistance disappears and only the omgnetic field generated by the coil should change its dnect
wire resistance is left, i.e R°? ~ R.. Fig. 14 shows the both inside and outside the shell. In Fig. 16(a) and Fig. 16(b

*coil
calculated and simulated inductance (i.e., the real patt)of we simulate the direction of magnetic field in Comsol. We
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Fig. 15. The numeratof, and denominatoty in (15) as function of the . . .
sphere thickness,. point, significant performance drop can be incurred by the

negative self-inductance. Two strategies can be adopted to
address this problem. First, the negative self-inductarase
be canceled if we match it with a positive inductor. Fig.
17(b) shows the inductance ga@y as a function of the
sphere thickness; in the ideal case: if the self-inductance
has a positive value, a capacitor is added to the coil circuit
to compensate it; while if the inductance is negative, the
capacitor is replaced with a positive inductor. We obselme t
the big drop in the inductance gain disappear. This solution
requires the precise knowledge of the fabricated metaihter
sphere to determine whether to use compensation capacitor
or compensation inductor. Second, a much simpler way to
address the negative self-inductance problem is to faterica
the metamaterial sphere a little bit thicker than the optima
resonance point. As shown in Fig. 17(a), no drop of gain
appears in the region thaty > 0.025 m. Moreover, as
discussed previously, the metamaterial enhancementn M
observe that whem; = 0.024 m andr, = 0.026 m, the is not sensitive to the size deviation. Hence, a reliabfé M
magnetic field have dierent directions, which validates thatsystem with good inductive gain can be derived if we design
existence of negative self-inductance irfIM the sphere thickness slightly larger than the resonance value.
As shown in Fig. 14, the real and negative self-inductance
appears in a region on side of the resonance point (when IV. CHANNEL CHARACTERISTICS OF M2 COMMUNICATIONS
0.025 m), where the second term (negative) in (15) has a Iargeli3 d th Mtical del derived in Section Il
absolute value thahy (positive). When the sphere thickness . ased on the analytical model gerived In section 1, we
S : investigate the channel characteristics of th& Bbmmunica-
becomes even smaller, the negative inductance is commhs% n through both numerical analysis and FEM simulation in
by Lo so that the total self-inductance pecomes positive agall. sectiogn The path loss comrr):unication range, bantiwidt
On the other side of the resonance point (wher 0.025 m), and channel capacity of both theMpoint-to-point and the

the self-inductance is always positive. . S S
ys P M2l waveguide communications are quantitatively analyzed

Although the negative real self-inductance does not inﬂﬁ‘ﬁ various environments. If not specially specified, theadéf

ence _the metamate_nal_ enha_ncement, It may incur S'gn'f'c%%tem and environment parameters used in this section are
loss in the MI coil circuit if not well designed. In R the same as Section I1I-B.3

transceiver, there are two types of resonance: the resenanc

in the metamaterial sphere and the resonance in the Ml coil.

The metamaterial sphere resonance is achieved by selecfingPoint-to-point MI Communication

optimal sphere thickness; while the MI coil resonance Fig. 18 shows the point-to-point Mpath loss as a function

is achieved by using compensation capacitor to cancel tbfthe communication distance through both theoreticalizal

impedance caused by the self-inductance. The negative fiasibn and FEM simulation. Similar to Section I1I-B.3, tlere

self-inductance cannot be compensated by capacitorshwhigvels of metamaterial loss are compared, including theoss |

incurs significant loss in the MI coil circuit. Fig. 17(a) si® (1, = —ug), the low loss f» = —uo — j0.00540), and the high

the inductance gaigw as a function of the sphere thickness loss (1, = —uo— j0.05u0). To test the system robustness to the

if the negative self-inductance is not compensated. Wergbsepractical fabrication, three metamaterial sphere thiskas are

a significant performance deterioration on the one side ®f tbompared, including the resonance size=f 0.025 m) as well

resonance point (when < 0.025 m). as two larger sizeg{ = 0.027 m and-; = 0.03 m). The sphere
Since metamaterial is arffective medium, it's challenging that is thinner than the resonance size is not consideretbdue

to guarantee that the thicknagsexactly equals to the optimal the negative self-inductance problem discussed in Sedttion

value. If the fabricated, is slightly smaller than the resonanceC.2. The FEM simulation only shows the path loss within the

@) (b)

Fig. 16. (a) Direction of magnetic field when = 0.024 m. (b) Direction
of magnetic field whem; = 0.026 m.
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Fig. 20. Channel capacity of Point-to-Point2Mcommunication.

distance of 5 m due to the high computation complexity of treponse of the same Vipoint-to-point system, where the 3 dB

high resolution simulation. Consistent with the analysi§ig. bandwidth can be read from the curves. Since metamaterials

17(b), resonant metamaterial sphere achieves the low#st e dispersive, we can only realige = —uo at a narrow band.

loss. As the thickness; deviates from resonant radius, thén order to conduct a more practical analysis, here we censid

gain introduced by metamaterial sphere gradually decseagbe Drude model [36] to model such dispersion, where the

However, everr; is increased by 5 mm, the path loss ofIM permeabilityu, is a function of frequency:

is still 30 dB lower than without the shell at 10 m distance W2

when there is no loss in metamaterial which is shown in pa(w) =/,zo(1— ¢) (16)

Fig. 18(c). Moreover, Fig. 18 shows that higher metamalteria w(w = JTm)

loss can dramatically increases theIMpath loss, which is where wpm and I'y, are the plasma and damping frequency,

consistent with the field analysis in Fig. 5 and Fig. 6. Howeverespectively. In this papetpm is set as 89x 10’ rad's, and

the influence of the metamaterial loss become less signific@ly, is set as 0, 57 x 1° rads and 157 x 10° rad's for no

when the sphere thickness deviates from the resonant sizgs, low loss, and high loss at 10 MHz, respectively. The

since both the thickness deviation and the metamaterial 1gs derived from (16) is used in both the theoretical model

prevent the resonance in metamaterial sphere. It should dv&l Comsol Multiphysics and the results are shown in Fig.

noted that there are many ways to reduce the metamatetil We observe that the bandwidth i"Mcommunication is

loss, such as geometric tailoring [37] and high inductanceruch narrow than the original Ml system, which is due to

to-capacitance ratio [38]. In addition, by using the activihe strong resonance introduced by metamaterials, edipecia

metamaterials, such loss becomes even controllable [39]. in the no loss case. As the metamaterial loss increases or the
Fig. 19 shows the theoretical and simulated frequency re-
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Fig. 22. Channel Characteristics of?Mwaveguide.

sphere thickness deviates from the resonance size, tharsystnough. As the distance becomes larger, path loss playsea mor
bandwidth increases. Hence, there exists a tridestween important role and the advantages ofINbecome obvious.
the low path loss and high bandwidth in?M

Since the objective of the Rl communication system is to B. Ml in Other Complex Environments

achieve a high data rate within a long transmission distance gyen most of the natural materials have the same permeabil-
the Shannon Capacity [40], [41] is used as the metric fges, their permittivities and conductivities can be deditally

evaluate the overall performance of théINdystem: different. Hence, we evaluate the performance &F i other
fo+B/2 complex environments in the envisioned applications,uidel
C= B2 log {1+ SNRT)) df, (17) " ing concrete and water. Berent from soil, concrete has lower
-

. . . .,.. conductivity, while water has much larger permittivity and
wherefo is ;hze r(?sonant frequencigis the 3 dB bandwidth; ., g, ctivity. In the numerical results, we consider cotesse
SNRf) = %np() is signal to noise ratio, wherg; is the relative permeability, relative permittivity ,and condivity as
transmission power densityp,(f) is the antilogarithm of 1, 4.5, and 0.1 m&, respectively. Water’s relative perme-
(1b), andN, is the noise power density. Since the bandwidthbility, relative permittivity, and conductivity are 1, 80 and

in M2l is very small (in the order of KHz), the noise powerl0 mSm, respectively. In addition, the metamaterial has low
density can be considered as a constant. Similarly, thetgiensoss and the shell has resonant inner radius-(0.025 m). The

of Py is also a constant within the bandwidth. Fig. 20 showsath loss, bandwidth, and channel capacity 6f M concrete

the channel capacity of the point-to-point?Msystem with and water are shown in Fig. 21. We observe that performs
different metamaterial loss and sphere thickness. We set thgch better than conventional Ml in both concrete and water,
transmission poweP; - B as 10 dBm. It has been reported irin aspects of communication range and channel capacity. In
[42] that the power of underwater magnetic noise at MHz bamérticular, with 0.1 m@8n conductivity in concrete, K can

is around -140 dBm. However, considering the underwatachieve 100 kbps data rate at 40 m, while the original Ml
environment has relatively low background noise level, efe scan only transmit in the same data rate within 10 m. If the
the noise poweN, - B as -100 dBm in this paper to guaranteeonductivity in the medium is even lower, the communication
the performance in much worse scenarios. We observe thatge and data rate of the?Msystem can be further increased.
the Ml system can reach the communication range of almost
30 m with kbps level data rate, which doubles the range of the .
original MI system. Even with metamaterial loss, the rarge cC. Ml Waveguide

still exceed 20 m. In the near region, the bandwidth imposesThe M’ waveguide can be formed when multiple?M

a strong constraint on the capacity since the path loss is lowvices are placed along a line and the inter-distance leetwe
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APPENDIX

Transmitter Receiver

A. Magnetic Field around Receiver

The excitation source is the coil. Without metamateriallshe

Transmitter ' the radiated fields can be expressed as [43],
g : , h, — keflocoss [4 | 1] jkrp-
"\ = ; + == e KT
A ~— : h, = _k252r|osin9[[1 +”11] _ L]e—jkré.
Relay 0 = ar jkr (kn2 »

) - ) ) ) ) — ;,Kelosing [1+ i] eIk g (18)
Flg. 23. Magnetic field (Unit: Am) of metamaterial-enhanced point-to-point € =N~ jkr !

M2l communication (upper) and fMwaveguide (lower). The transmitter is the h¢ =06 =0:¢ =0,

left most node and the receiver is the right most node. Tharmtie between

transmitter and receiver is 4 m. In the waveguide, the infeof each two The magnetic field inside and scattered by the shell can
adjacent nodes is 1 m. be expressed by (4). Also, the radiated magnetic field can

adjacent devices is small enough. For example, in the apﬂﬁ found_ in (hlS)_' By enforcingf_tr:je boundary conditions and
cation of wireless sensor networks, manylNdensor nodes rearranging the ftems we can fin

can be densely deployed. Between thél Mtansmitter and _ P yiBadly [1+ _L]e,jklrl

receiver, multiple Ml nodes exist and form a fll waveguide D, 2|4r1 Jkars )

along the transmission path. Based on th& thannel model Y = prlifao [1+ ]kﬁ - m] gl (29)
derived in Section lll, we evaluate the performance ofl M 0

waveguide in this subsection. 0

Fig. 22(a) shows the path loss, bandwidth, and channglqy Smeta (Shown on the top of next page).

capacity of the Ml waveguide and the original M waveguide. ' The diference between the transmit coil and receive coil
The thickness of the metamaterial sphereis fixed at the i the excitation source. As shown in Fig. 1, the magnetic
resonance size.025 m and the no loss case is considereflg|q generated by the transmit coil is scattered on the skcon
Other configurations are the Same as the point-to-poffit Msphere. According to Mie theory, multiple mode decomposi-
The interval between adjacent®Mdevice is 1 m. According yiqn, s required to find the exact solution. Since the sizenef t
to Fig. 22(a), the MI waveguide can further increase thenetamaterial shell is much smaller than the signal waveteng
communication range compared with the point-to-poirft.M i, the envisioned applications (MHz band signal with poeket
Compared with the original Ml waveguide, Mwaveguide j;eq device), the Rayleigh approximation can be appliéll [4
has much lower path loss but also much narrower bandwidihen a spherical scatter is much smaller than the wavelength

due to the joint resonantffects of multiple Ml devices. e first order of the Mie solution can be a good approximation
According to the channel capacity given in Fig. 22(c), Witho {5 caiculated the magnetic field.

metamaterial, the larger coil formed waveguide cannothreac Therefore, the format of the EM field intensity inside the

a communication range larger thar_1 15_ m. In contrast, e Meceiver is the same as that around the transmitter. However

waveguide achieves the communication range of more thgR, cogficients in the formulas are fiierent and need to be

40 m with th:‘ datahrate at kbﬁ)s I_evell. ) f th determined by the new boundary conditions. Since the shell
Fig. 23 shows the Comsol simulations of the magnetig n,ch smaller than wavelength, all the incoming magnetic

fields of the point-to-point M communication and the Fi _fields on the shell can be assumed to have the same magnitude

waveguide. It's clear that with the help of the three passiye , ¢4 pe obtained from field in the third layer in (4c), i.e.,
relays, the magnetic field at receiver of thélMvaveguide is hrs and hgs. As shown in Fig. 1, we build a new spherical

much larger than t_he point-to-point case. As ar_esult, i coordination whose origin is the center of the receiver and
power at the receiver in M waveguide can be increased. ¢ magnetic field is along axis. Then, the magnetic field is
decomposed along 4nd 6 direction, so thath, = —hcosfy
V. CoNcLusION andhy = hsindp, wherefy is the angle between the incoming

In this paper, the metamaterial-enhanced magnetic insluctinagnetic field and-A_ _
(M2l) communication mechanism is proposed for wireless Then we can obtain (6Bmeta is the same as (20) and

applications in complex environments. An analytical chelnn 0
model is developed to lay the foundation ofMommunica- 0
tions and networking under the impacts from lossy transmis- W =1 wrah |- (21)

sion medium. The channel model reveals unique properties of
M2l communications, including the negative self-inductance ) ] )
and frequency-dependent resistance, which providesipkinc BY selving (6), we can obtain all the unknown dbeient ;.
and guidelines in the joint design of communication systems
and metamaterial antennas. The proposétifvechanism and B
the channel model are validated and evaluated by using both
the FEM simulations and proof-of-concept experiments. The For those special functions, ¥f<< 1, ja(x) = %, j1'(x) = 3,
results of this paper confirm the feasibility of achievingg®f yi(x) ~ -3, y1'(x) = 4, h9(x) = X+ L, andh® (x) ~ 1 - 3.
meters communication range in°Msystems by using pocket- In the above approximations, we only keep the dominant real
sized antennas. part and dominant imaginary part in the functions.

.2
—jwrauzh

Subwavelength Approximation
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ja(kara) —Ja(kory) =Yi(kar1) 0
ju(karg)+karaja(kara) = Eja(kera) +hkeraja’(kere)l =52 Iya(kars) +karays’ (kora)] 0
et 0 Ja(kar2) Yi(kar2) ~h{?(kar2)
0 ja(kar2)+koraj1’(Korz) y1(korz) +karayr’ (Koro) —ﬁ—z[h(lz)(ksrzﬂksfzh(lz)/(ksrz)]

(20)

In addition, we consider there is no loss in the first layer angs]
the wavenumber is real. According to theetive parameter
analysis of the metamaterials in [45], the wavenumber in th
second layer k;) is pure imaginary since the metamaterial
adopted in this paper only has negative permeability. More-
over, since the environment is lossy (complex permittlyity [5]
the wavenumber of the propagation mediug) (s a complex
number. Thusk; = p1, ko = jp2, k3 = p3r — jpsi, all {px} are
real positive numbers, 6]

By using the above approximations, (20) can be simplified

as [7]
pun o _dpals =L 0
3 p§r§ (8]
20111 _ [2patum i 0
= 3 3
Seta® Smeta = 0 L;rlzz flp_gllz s (22) 9]
3 @ G
o |l ,}_rlg L [10]
where
11
__ 2p3ps pxl2 . [psra  P5—F5 -
=33 22 3 3 r2(p2 2z | (239)
r3(p3 +03) r3(p3 +03)
& _Z2okopy  2H2p3p3 Eg}
3us rous(pg +p5)?
2 2
+ . {27‘2/12,0& #2(p3r _p3i) } (23b) [14]
Bus  rius(pd, +p5)?
Moreover,¥; can be simplified as
) [15]
_ Jou@lo
4ri
— jopa‘lo
‘I’t x ‘Pt = 4r§ (24) [16]
0
0
[17]

With the simplifiedgmeta the target coicientsa; andp;
can be explicitly formulated by using (22) and (24). Then bP/
substituting the solutions af#; andp; into (8) and (9), we 18]
derive the explicit expressions of the self-inductance @t
mutual inductance (11) in Kl communications.

Based on (22), defet9 Can be given in (12). Although
the wavenumber and the radius offdrent layer may have 5
different values and signs, their absolute values are in the
same order. In (12), the first term on the right side can Il
asymptotically approximated bg(%). The second term is !
caused by the high order approximations of Bessel functions
which are much smaller tham(%) whenk andr are smaller [23]
than 1.

[19]
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