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Abstract

Unlike conventional electric- or magnetic-antenna transceiver systems, the mag-
netic transmitters and electric receivers (MTER) system jointly exploits the
induction and radiation fields, providing a new solution to enable both deep
underground transmission and long-range aboveground communication. How-
ever, the maximum reliable aboveground coverage achievable by MTER~enabled
UG2AG communications has not yet been systematically studied, which is
essential for guiding transmitter configuration and practical gateway deploy-
ment. In this paper, we develop a reliability-oriented framework to maximize
the aboveground coverage of MTER-enabled UG2AG communication through
transmitter configuration and operating-frequency design. Specifically, we first
establish a reliable-coverage model that links the MTER link characteristics to
the achievable aboveground communication range. Furthermore, we determine
the transmitter configuration and operating frequency to maximize the reliable
coverage under practical system constraints. Finally, we evaluate the proposed
solution under different underground environments and validate the MTER link
through a field experiment in an underground mine. The results show that trans-
mitter configuration optimization can effectively extend the reliable aboveground
coverage, and the optimal transmitter configuration is environment-dependent.



In addition, the MTER link can support successful end-to-end data transmission
in a realistic underground environment.

Keywords: Magnetic transmitters and electric receivers, underground to aboveground
communication, reliable coverage, transmitter configuration.

Main

Wireless underground-to-aboveground (UG2AG) communications play an important
role in certain applications, such as underground infrastructure monitoring, under-
ground environment sensing, mine safety, and the underground Internet of Things
[1-4]. In conventional UG2AG communications, electromagnetic (EM) wave commu-
nications based on electric antennas are adopted to transmit data [5-8]. For example,
UG2AG communication based on electric antennas using Long Range (LoRa) has
been extensively investigated for underground monitoring because of its capability for
long-range aboveground connectivity [9-12]. However, its underground performance is
fundamentally constrained by the strong absorption and attenuation of EM waves in
lossy soil, which severely limits the communication depth [13].

To improve the underground transmission distance, some studies use magnetic
induction (MI) communications based on magnetic antennas to address the strong
signal attenuation of EM wave techniques [14-17]. This is because the underground
medium hardly changes the attenuation rate of magnetic fields [18]. By utilizing the
MI communication technology, the underground transmission range can exceed 6 m
[19]. However, the communication range of MI is fundamentally limited by the spatial
extent of the induction field, making it difficult to support long-range aboveground
connectivity in UG2AG scenarios.

To overcome this limitation, Zhao et al. [20] first propose the magnetic-transmitter-
to-electric-receiver (MTER) system for UG2AG communication by jointly exploiting
the induction and radiation fields and demonstrate its feasibility for deep under-
ground and long-range aboveground communication through channel modeling and
performance evaluation. In this architecture, underground magnetic transmitters
enable signals to propagate through areas dominated by induction, with relatively
low underground attenuation. Furthermore, radiated components subsequently facili-
tate long-distance propagation towards the surface. In this way, MTER combines the
underground penetration advantages of magnetic transmission with the long-range
coverage capabilities of radiated communication, offering a promising approach for
simultaneously supporting deep underground communication and extended surface
connectivity.

Despite this potential, translating the propagation advantage of MTER into reli-
able and deployable UG2AG connectivity remains an open issue. In many underground
sensing and monitoring applications, the location and burial depth of equipment are
mainly determined by the monitoring object, geological conditions, or the sensing
task itself, making it difficult to freely adjust the position of underground nodes in



order to improve communication performance [21]. In contrast, ground gateways typ-
ically have higher deployment flexibility. Therefore, after the underground nodes have
been installed, the real issue that the communication system needs to focus on is not
just how to reduce path loss, but how to expand the surface area that can stably
receive its information while meeting the given reliability requirements [22]. A larger
reliable coverage area on the ground can reduce the deployment density of ground
gateways, improve the flexibility of gateway location selection, and directly improve
the deployability of the system.

To improve the reliable coverage of the MTER-enabled UG2AG system, an effec-
tive method is to jointly configure the underground transmitting antenna and the
operating frequency. This is because the loop radius and number of turns affect the
ohmic loss, radiation resistance, inductive characteristics, radiation efficiency, and
available bandwidth of the transmitter [23-25], thereby determining both how effi-
ciently the input power can be converted into radiated energy and whether the required
communication bandwidth can be supported. Meanwhile, lower frequencies gener-
ally favour underground penetration and extend the induction-dominated region, but
reduce the radiation capability of an electrically small loop, whereas higher frequen-
cies can enhance radiation while increasing underground attenuation and shortening
the induction-dominated region [26—-28]. Therefore, the transmitter configuration and
operating frequency jointly determine the balance among radiation capability, under-
ground propagation loss, and bandwidth feasibility, and ultimately determine the
achievable reliable aboveground coverage.

Existing studies on MTER have focused on characterizing its propagation
behaviour and evaluating communication performance under predetermined transmit-
ter configurations. The effects of underground environments and antenna parameters
on path loss, channel capacity, and bit-error performance have been investigated,
demonstrating the feasibility of MTER for deep UG2AG communication. However,
these analyses mainly reveal how individual parameters affect link performance, rather
than determining how the transmitter should be configured to maximize reliable above-
ground coverage under practical physical and bandwidth constraints. In particular,
the coupling among antenna size, number of turns, operating frequency, radiation
efficiency, propagation loss, and available bandwidth has not yet been systematically
incorporated into a unified coverage-oriented design framework.

In this paper, we investigate reliable aboveground coverage in MTER-enabled
UG2AG communications under deep-burial conditions. Specifically, we first develop a
reliability-oriented coverage framework for MTER~enabled UG2AG communication.
The framework captures the coupled effects of underground propagation, antenna
characteristics, and bandwidth requirements. Furthermore, the transmitter configura-
tion and operating frequency are optimized to maximize reliable aboveground coverage
under practical constraints. In addition, the resulting design is evaluated across differ-
ent underground environments. Finally, we implement a USRP-based prototype and
conduct a field experiment in an underground mine to examine whether the MTER
link can support practical information delivery.

The remainder of this paper is organized as follows. We first introduce the
MTER-enabled UG2AG system, establish the reliable coverage model, and present
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Fig. 1 Architecture of the MTER-enabled UG2AG communication.

the transmitter configuration scheme for improving reliable aboveground coverage in
the Methods section. In the Results section, we evaluate the proposed framework
under different underground environments and system parameters and present the
field experimental results in an underground mine.

Methods
MTER-enabled UG2AG communication system

System model

In this section, we introduce the MTER. architecture for UG2AG communication,
which is shown in Fig. 1. In this communication architecture, the loop antenna
deployed underground and the low- or mid-frequency dipole antenna placed on the
gateway aboveground enable large-depth and long-distance UG2AG communication.
Specifically, in the underground medium, the small-loop antenna mainly generates
an induction-dominated field, whose magnetic component experiences relatively low
absorption loss during propagation. Once the signal reaches the aboveground region,
the radiation-field component becomes better suited for long-distance transmission
and can be efficiently received by an electric antenna. Thus, the MTER architecture
combines underground induction-field penetration with aboveground radiation-field
coverage, improving the effective UG2AG transmission distance under cross-medium
conditions and heterogeneous antenna deployments in practical systems.

In this communication architecture, the underground magnetic transmitter is mod-
eled as a small loop antenna, which is less than 1/4 wavelength (A/4) [29]. The burial
depth is selected according to the estimated near-field boundary, so that the induction-
dominated field can cover the underground segment while the radiating component
is mainly formed toward the aboveground region. Under this condition, the path loss
model can be explained in two cases based on the relationship between the radiation



boundary and the burial depth of the small loop antenna [20]. On the one hand, when
the burial depth of the loop antenna is greater than the radiation boundary, the radi-
ation of EM waves starts from underground and refracts to reach the aboveground.
On the other hand, if the burial depth of the loop antenna is less than the radiation
boundary, the radiation of EM waves starts from the air. Therefore, the path loss of
the MTRE system in UG2AG communications can be expressed as:

When the burial depth of the loop antenna is greater than the radiation boundary,
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where dyg = dsoit — dpary and dgg = dgir, Where dgoy is the burial depth of the
antenna, dyq = dg is the transmission distance aboveground, and dpgry = A/27 is
the boundary where the radiation begins underground. 7 is the radiation efficiency
of the loop antenna in the soil, and x? denotes the slow-varying fading-related power
gain. Asoil = 27/Bsoi1 and A are the wavelength in soil and air, respectively. « is
the attenuation constant of the soil medium. Rjoss and Rrqq,s0i are the ohmic loss
resistance and the radiation resistance of the transmission antenna in soil, which can

be given as:
Nb R

Rloss - TRS (Rz + 1) (2)
where Ry = \/wpuo/20 is the surface resistivity of a loop antenna, Ry = N Rs/2ma is
the resistance per unit length generated by the skin effect, and R,, is the resistance per
unit length generated by the proximity effect. The ratio of R,/Ry can be computed as
a function of the spacing ¢joop/a [30], which is set to 0.5 in this work. a is the radius of
the copper wire, b is the radius of the loop antenna, and c;s0p is the distance between
adjacent loops.

When the burial depth of the loop antenna is less than the radiation boundary,
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where dqg = dair — dbdry,., » Abdry.,, 15 the part of the induced near-field in the air.

Correspondingly, the radiation resistance can be expressed in two cases. When the
burial depth of the loop antenna is greater than the radiation boundary,

(1)
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where 7sos = \/Wg is the complex wave impedance in the soil, Esoil = w+/ € is the
complex wave number in the soil, and Ajsep is the area of the loop antenna. y is the
conductivity of the soil and £ is the complex dielectric constant.



When the burial depth of the loop antenna is less than the radiation boundary,
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In addition, o and § can be calculated by [31]:
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where €’ and €” are the real part and the imaginary part of the soil’s dielectric constant,
respectively. In the MTER system, the dielectric constant of the soil is calculated by
the model from [32] over a frequency range of 10 kHz to 8 GHz.
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where €}, is the high-frequency limit of the complex dielectric permittivity of the
soil. 71, 7o and T3 are relaxation times for them, respectively. Aeg;, Acgs and Aegs
are the strengths of the first, second, and third relaxation processes. s and a3 are
the coefficients of the relaxation time distribution.

In this work, we focus on the deployment regime where the burial depth exceeds the
radiation-initiation boundary. In this scenario, the field generated by the small-loop
antenna remains predominantly inductive in the near-field region of the underground
path. Furthermore, the radiated component begins to form within the soil before
reaching the soil-air interface. This operating mechanism is consistent with the deeply
buried UG2AG scenario considered in this study and preserves the expected MTER
propagation mechanism, which utilises the relatively low underground attenuation of
the inductively dominated field, together with radiated field propagation, to enable
long-range surface communication.

Transmit-antenna design optimization for reliable coverage

In the MTER-enabled UG2AG communication system, the transmission performance
is affected by the transmit-antenna design [20]. Specifically, the antenna radius and
turn number jointly determine the radiation efficiency and available bandwidth of the
underground transmitter. Furthermore, the operating frequency affects both antenna
characteristics and frequency-dependent underground propagation loss. In order to
improve the transmission performance, it is essential to jointly optimize the antenna
radius, turn number, and operating frequency while accounting for their coupled effects
on antenna radiation, bandwidth, and underground propagation.

In this section, reliable aboveground coverage is adopted as the primary perfor-
mance metric, since it characterizes how far the MTER link can sustain a prescribed



communication reliability under a given transmit-power budget. Based on this, we
first establish the reliable-coverage model and formulate the transmitter-configuration
optimization problem by jointly considering the antenna radius, turn number, and
operating frequency. Moreover, we develop an optimization scheme that accounts for
antenna and propagation characteristics to determine the transmitter configuration
that maximizes reliable MTER coverage.

Reliable-coverage modeling and problem formulation

According to the above path loss model (Eq.1), we can see that the MTER path loss
mainly comprises underground propagation loss, transmission loss across the soil-air
interface, and aboveground free-space propagation loss, while also accounting for the
transmit-antenna radiation efficiency and the slowly varying channel gain. To explicitly
characterize the aboveground coverage, the terms independent of d,, are collected into
a compact underground-to-air loss factor Lyug(f), leaving the aboveground distance
dependence explicitly represented by the free-space propagation term. Lyg(f) can be
expressed as:

2
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Furthermore, let P; denote the transmission power and P, = kpTyF B, is the
receiver-noise power, the received signal-to-noise ratio (SNR) can be shown as:

Pn(b, Ny, f)x*c?
o 16m2kp Ty F By f2d2. L (10)
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where kg is the Boltzmann constant, Ty is the reference noise temperature, F' is
the receiver noise factor in linear scale, and B, is the equivalent noise bandwidth
determined by the waveform and receiver filtering.

In order to ensure the reliability of link quality, the received SNR. 7,x should be
no lower than the minimum SNR 7,¢q required to achieve the target packet delivery
ratio (PDR) po. Among these, Yreq can be defined as:

Yreq = inf {’y : PDR(’)/) Z po} (11)

Therefore, the maximum reliable aboveground distance dag max can be given as:

d2 — P xjc? n(b, N, f)
ag,max 167T2’7requT0FBn f2£ug(f)

(12)



The problem formulation can then be described as:
Po: max  dig (b, N, f)
s.t. bmin < b < byax,
Nmin < N < Niax, Ny € Zy,
Fnin S f < frnae (13)
Bant (b, N, f) > Bmin,
Bb < &,
B(f)dson > 1.

where by, and by .y are the admissible loop-radius limits, Ny, and Ny ax define the
allowed integer turn-number range, and fuin and fi,ax specify the operating-frequency
range. The parameter & specifies the maximum normalized electrical size allowed by
the electrically small-loop approximation. The last constraint ensures that the physical
burial depth remains beyond the radiation boundary assumed by the propagation
model. In addition, the available resonant bandwidth B, needs to be greater than
the minimum required bandwidth By,i,, in which B,y can be illustrated as:

i _ RQ _ Rloss + Rrad,soil
QL 27TLC 27TLC

Bant = (14)

where the inductance of the multi-turn circular loop L. can be approximated by:
9 8b
Le(b,Ny) = uoNZb |In | — | — 2 (15)
a

Optimization scheme for transmitter configuration

As shown in Eq.13, Py contains two continuous variables and one integer variable,
while the operating frequency affects the system performance nonlinearly through the
dispersive MTER propagation model. A direct joint optimization over (b, N, f) would
not only increase the computational burden, but also obscure the physical relationship
between the transmitter configuration and the antenna and propagation characteris-
tics. We therefore exploit the structural dependence of the conductor loss, radiation
resistance, and loop inductance on the design variables to reduce the dimensionality
of the original problem.

We can see that three design variables affect reliable coverage through different
physical mechanisms. The operating frequency f influences both the antenna charac-
teristics and the dispersive propagation term Lz (f). In contrast, the antenna radius b
and turn number Ny do not directly enter £, (f); their effects are mainly introduced
through the conductor loss Riegs, radiation resistance Ryaq soil, and loop inductance
L., which jointly determine the radiation efficiency and available antenna bandwidth.
This structural separation suggests that the antenna-geometry variables can first be
treated independently of the more strongly coupled frequency dependence.



Furthermore, N; is restricted to positive integers, whereas b and f are continuous
variables. We therefore decompose the original mixed-variable problem into a finite
set of turn-number branches by setting

Ne=n, n€N={Nuin,---> Nmax} (16)

For a prescribed n, when the operating frequency f is fixed, the propagation term
Lug(f) in Eq.12 is independent of the antenna radius b. The dependence on b is
therefore confined to the antenna radiation and bandwidth characteristics, allowing
the optimal radius b%*( f) to be characterized from their structural relationships. Once
b is eliminated in this manner, the original three-variable mixed optimization problem
is reduced to a finite collection of one-dimensional frequency-design branches.

For the radiation efficiency of the underground loop, it is related to the radia-
tion resistance R;adsoil and the conductor loss Rjess. The conductor loss developed

can be rearranged as Rloss = NibI'o(f), where T'o(f) = H?%\/% and K, = %’.
Furthermore, the radiation resistance established in Section II can be rewritten as

~ 2
Rradsoil = NEW'TL(f), where T',(f) = Re [ﬁseif; (’3\0—‘1”) } Therefore, for the n-th

soil

turn-number loop antenna, the radiation efficiency can be expressed as:
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Its derivative with respect to the antenna radius is:
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For fixed n and f, it means that % > 0. It further shows that for any
prescribed n and f, increasing the antenna radius improves the reliable coverage within
the adopted model. The coverage-optimal radius is therefore the largest radius that
simultaneously satisfies the physical and bandwidth constraints.

First, the mechanical-size constraint and the electrically small-loop condition
impose an upper bound on the antenna radius for a given operating frequency f,

beap(f) = min {bmax, ;(f)} (19)

where by, denotes the maximum physically allowable antenna radius, whereas
&1/ B(f) specifies the largest radius permitted by the electrically small-loop condition.
Frequencies for which beap(f) < bmin are directly excluded from the feasible set. For
the remaining frequencies, the antenna radius is further constrained by the bandwidth
required by the communication waveform.



The intrinsic antenna bandwidth for a fixed turn-number branch N; = n can be
expressed as: s
L ()Y + To(f)/n

Bant,n(ba f) 27T/1/0w(b>

where ¢(b) = In (8b/a) — 2. We can see that the effect of the antenna radius on band-
width is not simply monotonic. Increasing b strengthens the effective damping through
the radiation-resistance term I';(f)b®, while the logarithmic factor 1 (b), originating
from the loop inductance, also varies with the antenna radius. The feasible radius
range therefore needs to be characterized explicitly under the minimum bandwidth
requirement Bpyi,-

To this end, we define the bandwidth-feasibility function

gulb. 1) = 1o+ 12

(20)

— 27T,LLOBmin¢(b) (21)

The bandwidth requirement Bantn (b, f) > Bmin is then equivalently written as
gn(b, f) > 0. For g,(b, f), its first and second derivatives are:

n 2 Bmin

Sy o - 2

0%g 27 o Bini (22)
no_ T 0P min

52 6 r(f)b+7b2 >0

Therefore, for b > 0, g, (b, f) is strictly convex with respect to the antenna
radius, indicating a well-defined boundary structure for bandwidth feasibility. Mean-
while, for a prescribed (n, f), the reliable coverage increases monotonically with
b. The radius optimization therefore reduces to identifying the largest bandwidth-
feasible value within the physically admissible interval [bumin, beap(f)]. If the physical
upper bound beap (f) itself satisfies the bandwidth requirement, it directly gives the
coverage-optimal radius. Otherwise, provided that the admissible interval still con-
tains bandwidth-feasible radii, the optimal radius must lie on the active bandwidth
boundary g, (b, f) = 0.

Furthermore, the active bandwidth boundary g, (b, f) = 0 admits a closed-form
expression in terms of the Lambert-W function. Defining

() =~ D e [ )] (23
The two possible real bandwidth-boundary roots are
nf) = |- 2 . -
i) = |-l ()] ke (-1} en

where W;y(-) denotes the k-th branch of the Lambert-W function, defined by
W(2)eW®) = 2. For (,(f) € [-e~*,0), the branches Wy and W_; correspond to the
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two real boundary roots. In the considered case, where increasing b drives the configu-
ration from the bandwidth-feasible region into the infeasible region, the limiting radius
is the smaller root and is therefore associated with the principal branch Wy. Thus,

o 2WNOBmin 1/3
bnbw (f) = {MWO[Cn(f)] (25)

The optimal radius for each prescribed (n, f) can consequently be expressed as:

beap (f), gnlbeap(f), f] 20,
opt _ 27 140 B 1/3
() = |- Wo [Cn(f)]} + gnlbeap(f), f1 < 0 and gn(binin, ) >0,  (26)

30 (f)
0, gnlbeap(f), f] < 0 and gn(bmin, f) <O0.

Substituting the analytically obtained optimal radius b2”!( f) into (21), the reliable-
coverage function associated with the n-th turn-number loop antenna is defined as:

PR3 mlba(). ]
167T2’)/req]€BT0FBn f2£ug<f)

Fn(f) (27)

Since the continuous radius variable b has already been determined by Eq.26, the
original mixed optimization problem over (b, Nt, f) can be reduced to

2
= 2
X, g max nax max Fn(f) (28)

where N € N denotes the set of integer turn-number branches with nonempty
feasible frequency intervals.

Because the operating frequency affects both the antenna radiation characteristics
and the dispersive underground propagation in the complete MTER model, F,(f) does
not admit an explicit closed-form maximizer with respect to f. Within any smooth
feasible interval over which the active radius boundary remains unchanged, an interior
preferred operating frequency satisfies the following stationarity condition:

L) 1 0] _ 2, Lu(f)

T 2F ) T T L)

(1 =) (29)

Because bf(f) can be determined by different active physical constraints, its
response to the operating frequency depends on the currently active radius boundary.
Based on this, b (f)/b%!(f) in Eq.29 can be expressed compactly as:

07 b:L(f) = bmaX7
by ' S(F) — Ea
b;((]{,c)) — {24, b (f) = 5k (30)

()L (AP AT () /n . _
S P ks Inlon(f), f1=0.
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Eq.29 characterizes the interior stationary condition for the preferred operating
frequency of the n-th turn-number branch. Because J,(f) is piecewise defined by
different active constraints, the optimal operating frequency of the n-th loop antenna
can be determined as:

for = argmax Fo(f), b = b (31)

The optimal turn number is then obtained by comparing the maximum reliable
coverage achieved by all feasible cases, which is shown as:

n" = arg maxF,, (foP") (32)

NENfea

Results

Numerical Results

This section presents numerical results that characterise how the transmitter config-
uration and underground environment jointly determine reliable UG2AG coverage in
the MTER system. We first examine the coverage landscape under a representative

Table 1 Default parameters for numerical evaluation.

Parameter Value
Operating-frequency range, f 0.5-5 MHz
Loop-radius range, b 0.1-0.5 m
Turn-number range, Nt 10-50
Wire radius, a 1 mm
Copper conductivity, oc 5.8 x 107 S/m
Proximity-effect factor, kp = R, /Ro 0.5
Maximum transmit power, Ppax 20 dBm
Signal bandwidth, Bsig 10 kHz
Minimum antenna bandwidth, Buin 10 kHz
Receiver noise bandwidth, By, 10 kHz
Receiver noise figure, F’ 6 dB
Reference temperature, Ty 290 K
Target packet delivery ratio, po 0.9
Required received SNR, vreq 10 dB
Electrically small-loop threshold, &g 0.3
Soil permeability, us 47 x 107 H/m
Slow-varying power gain, x2 0.25
Default burial depth, dsei 10 m
Burial-depth range, dsoil 4-20 m
Default soil type silt loam
Default volumetric water content, VWC 28.1%

12



underground condition to identify the preferred operating region over frequency and
turn number. We then extend the analysis to different burial depths, soil textures, and
moisture conditions, optimizing the transmitter configuration for each environment.
These results provide a systematic assessment of the reliable coverage capability of
the MTER system under diverse underground conditions.

Parameter Setup

Unless otherwise specified, the numerical parameters are given in Table 1. The trans-
mitter configuration is optimized over f € [0.5,5] MHz, b € [0.05,0.5] m, and
N; € [10,50]. Silt loam with a volumetric water content (VWC) of 28.1% [32] and a
burial depth of 3 m is adopted as the reference underground condition. To investigate
the influence of underground environments, the burial depth is varied from 2 to 10 m,
and four representative soils, namely sand, silt loam, clay loam, and sandy clay loam,
are considered using the measured dielectric-relaxation parameters under different
moisture conditions illustrated in [32]. The frequency-dependent soil electromagnetic
properties are calculated using the dielectric-relaxation model.

(a) Clay=0.4%, Silt=5.7%, Sand=93.9% (b) Clay=17.2%, Silt=78.2%, Sand=4.6%
T T T T T T T 1
2501 o vwe=003s ) 2501 o vwe=0.182 ’
—8—VWC =0.139 —8—VWC =0.281
VWC = 0.290 VWC =0.378
~200 [ ——vVWC =0.387 1 ~200F ——VvWC=0.476
% — = —Reliability limit % === -Reliability limit
b b
2 150 2 150 i
[ e [ N R e S
= =
= =
£ 100 3 & 100
“ WL‘ )

4 6 8§ 10 12 14 16 18 20 4 6 8§ 10 12 14 16 18 20

Burial depth (m) Burial depth (m)
(¢) Clay=35.6%, Silt=38.9%, Sand=25.5% (d) Clay=10.2%, Silt=40.7%, Sand=49.1%
2501 o vwc=0.182 ) 2501 5 vwc=0.108 1
—8—VWC =0.279 —8—VWC =0.208
VWC =0.389 VWC =0.375
200 1 —o—vVWC =0.457 p 200 [ ——VWC =0.463

= == Reliability limit

=== Reliability limit

Path Loss (dB)

4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20
Burial depth (m) Burial depth (m)

Fig. 2 Path loss of the MTER-enabled UG2AG link at different burial depths and soil moisture
conditions.
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Fig. 3 Reliable aboveground coverage under different minimum antenna-bandwidth requirements.

Path loss Analysis of MTER system for UG2AG communications

Fig. 2 illustrates the path-loss characteristics of the MTER system for UG2AG com-
munications under different soil types and VWCs. A fixed transmitter configuration
is adopted, with 10 antenna turns, a coil radius of 20 cm, and an operating frequency
of 3 MHz, while the required aboveground transmission distance is set to 800 m. As
the burial depth increases, the path loss increases accordingly, with noticeable dif-
ferences among different underground environments. Nevertheless, the MTER system
still exhibits considerable reliable-link potential. For example, under the relatively
harsh condition of VWC = 0.378 in Fig. 2(b), reliable 800-m aboveground transmis-
sion can still be supported at a burial depth of approximately 8 m. In sandy soil, the
path loss remains below the reliability limit throughout the investigated depth range,
indicating that reliable communication can be maintained even at a burial depth of
20 m. Overall, these results show that MTER can maintain substantial reliable-link
capability over large underground depths and aboveground distances even with a fixed
transmitter configuration.

Numerical validation of the transmitter configuration optimization

The reliable aboveground coverage range after optimized transmission configurations
under different minimum antenna-bandwidth requirements By, is shown in Fig. 3.
The white regions represent bandwidth-infeasible transmitter configurations, whereas
the colored regions indicate the achievable reliable aboveground coverage. As Bin
increases from 8 to 11 kHz, the feasible region progressively shifts toward higher oper-
ating frequencies, indicating that a more stringent bandwidth requirement eliminates
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Fig. 4 Dependence of the optimal number of loop turns on the minimum required antenna band-
width.

an increasing portion of the low-frequency configurations. Meanwhile, the optimal
operating frequency also increases with By, while the optimal turn number remains
at its lower bound of the turn number range N;. This behavior reflects the tradeoff
between antenna-bandwidth feasibility and underground propagation loss, where lower
frequencies are generally favorable for underground propagation, and a larger Bpin
requires operation at higher frequencies to maintain sufficient antenna bandwidth.
Consequently, the optimum tends to occur close to the boundary of the bandwidth-
feasible region, where the required bandwidth can be satisfied without incurring an
excessive propagation penalty.

Reliable coverage under different underground conditions

To further explain why the optimal number of turns always approaches its minimum
value under bandwidth requirements, Fig. 4 shows the relationship between coil turns
and minimum antenna bandwidth requirements in four underground environments.
Under a relaxed bandwidth requirement, a larger number of turns can be preferred.
However, as By, increases, N; rapidly decreases and eventually converges to Ny = 10
in all considered environments. Under the adopted coil model, increasing the turn
number can improve the radiation efficiency, but it simultaneously narrows the intrin-
sic antenna bandwidth and contracts the feasible configuration region. The resulting
bandwidth and propagation penalties eventually outweigh the marginal efficiency gain,
driving the optimum toward the minimum turn number.

Fig. 5 compares the optimized transmitter configurations under different soil types
and moisture states at a burial depth of 10 m. The optimal coil radius and operating
frequency exhibit dependence on the underground environment, whereas the optimal
number of turns remains at N; = 10 for all feasible cases. In particular, the optimal
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coil radius varies approximately from 0.25 to 0.5 m, while the optimal operating fre-
quency ranges from about 3.3 to 5 MHz. These variations indicate that soil-dependent
electromagnetic properties substantially affect the preferred antenna size and oper-
ating frequency. By contrast, the persistent solution Ny = 10 is consistent with the
bandwidth-driven behavior discussed above. More narrowly, under the adopted coil
model, increasing the turn number can improve radiation efficiency, but it simultane-
ously narrows the intrinsic antenna bandwidth and contracts the feasible configuration
region. The associated bandwidth and propagation penalties therefore outweigh the
marginal efficiency gain at the nominal bandwidth requirement, driving the optimum
toward the minimum turn number. In addition, the missing bars for some sandy-
soil states indicate that no feasible configuration satisfying the adopted constraints is
obtained at the considered burial depth.

Fig. 6 further shows how the reliable aboveground coverage varies with burial
depth. In all environments, the reliable coverage decreases rapidly as the underground
depth increases, owing to the increasing attenuation within the lossy soil medium. Nev-
ertheless, substantial differences are observed among soil types and moisture states.
Sandy soil provides the most favorable propagation conditions, maintaining kilometer-
scale or larger aboveground coverage even at relatively large burial depths. In contrast,
several higher-loss states of silt loam, clay loam, and sandy clay loam experience a
much faster reduction in the reliable aboveground coverage, with the achievable cov-
erage eventually falling to the meter scale as the burial depth increases. The results
also show that the effect of moisture is not strictly monotonic, because each mea-
sured VWC state corresponds to a different set of soil electromagnetic parameters.
Overall, these results demonstrate that the achievable UG2AG coverage is strongly
environment-dependent and that adapting the transmitter configuration to the under-
ground conditions is important for exploiting the reliable-link potential of the MTER,
architecture.
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Field Results

The above analysis characterizes the reliable coverage of the MTER link and reveals
how the transmitter configuration, operating frequency, and bandwidth requirement
jointly shape its communication capability. Based on these link-level results, we fur-
ther implemented a practical MTER, prototype to examine whether the low-frequency,
bandwidth-constrained link can support end-to-end data delivery in a realistic under-
ground environment. In this experiment, the transmitter employs a loop antenna with
a radius of 20 cm and 12 turns, while the communication system operates at approxi-
mately 2 MHz. Furthermore, the set bandwidth is 10 kHz, and a QPSK waveform has
an occupied bandwidth of about 8.44 kHz.

To emulate the propagation conditions of deeply buried UG2AG links, a massive
mine pillar with a characteristic dimension of about 10 m is used to construct a large-
scale through-rock propagation scenario. The transmitter and receiver are deployed
on different sides of the pillar, such that the direct Tx-Rx path is strongly obstructed
by the intervening rock mass. As illustrated in Fig. 7, the deployment further involved
approximately 11 m and 40 m of propagation on the two sides of the pillar, with an
angular separation of approximately 50°. In this experimental scenario, the transmitter
and receiver are separated by approximately 35 m, including about 15 m of propagation
through the rock mass and an additional 20 m of propagation through air. In this
scenario, an image is employed as the payload to assess the complete transmission
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Fig. 7 Field experimental setup of the MTER communication system in an underground mine.

process, including waveform transmission, signal acquisition, synchronisation, QPSK
demodulation, and data reconstruction.

Fig. 8 presents the end-to-end image-transmission results obtained in the under-
ground mine. Fig. 8(a) shows the original test image used as the transmitted payload.
The corresponding physical-layer signal characteristics are shown in Fig. 8(b). After
propagation through the obstructed mine environment, the desired signal remains
clearly observable in the received spectrum. Four identifiable QPSK symbol clusters
are obtained before carrier recovery, indicating successful carrier recovery and symbol
demodulation. Based on the recovered data, the image is successfully reconstructed
at the receiver, as shown in Fig. 8(c). During this transmission, PDR is 99.608%, and
the detected-packet BER is about 2.213 x 107°. The experimental result demonstrates
successful end-to-end payload delivery over the practical MTER link.

@ | ) ©

Fig. 8 Field experimental results of end-to-end image transmission over the MTER link.
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Discussion

This study demonstrates that the reliable aboveground coverage in MTER-enabled
UG2AG communication is determined by characteristics of the transmitter, under-
ground propagation, and bandwidth constraints. Therefore, the appropriate transmit-
ter configuration varies with the underground environment, and stricter bandwidth
requirements can significantly change the feasible working area and reduce the achiev-
able coverage range. The field experiment further demonstrates end-to-end QPSK
image transmission over a strongly obstructed underground link, showing that MTER
communication can support practical information delivery under realistic mine condi-
tions. Future work will focus on broader field validation under different underground
environments and on further improving the robustness and adaptability of practical
MTER communication systems.
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Figure legends

Figure 1. Architecture of the MTER-enabled underground-to-aboveground
communication system. A magnetic loop antenna is deployed underground as
the transmitter, while an electric-antenna gateway is located aboveground. The
underground portion of the link exploits the induction-dominated field before the
radiating component develops and propagates across the soil-air interface toward
the gateway. The geometric parameters indicate the underground and aboveground
propagation distances, antenna burial depth, gateway height, and refraction geom-
etry. MTER denotes magnetic-transmitter-to-electric-receiver, and UG2AG denotes
underground-to-aboveground.

Figure 2. Path loss of the MTER-enabled UG2AG link at different burial
depths and soil moisture conditions. The four panels show the path loss for soils
with different clay, silt, and sand contents: a), sand-dominated soil; b), silt loam;
¢), clay loam; and d), sandy clay loam. Each curve represents a different volumetric
water content. The horizontal dashed line indicates the reliability-related path-loss
threshold. VWC denotes volumetric water content.

Figure 3. Reliable aboveground coverage under different minimum
antenna-bandwidth requirements. The heat maps show the achievable reliable
aboveground coverage as a function of operating frequency and number of loop turns
for minimum required antenna bandwidths of a), 8 kHz; b), 9 kHz; c¢), 10 kHz; and d),

22



11 kHz. The coloured regions indicate feasible transmitter configurations, with colour
representing the reliable aboveground coverage distance, whereas the white regions
correspond to infeasible configurations. The star in each panel marks the configuration
that provides the maximum reliable coverage.

Figure 4. Dependence of the optimal number of loop turns on the min-
imum required antenna bandwidth. The curves show the optimal number of
turns under representative soil and moisture conditions as the minimum antenna-
bandwidth requirement increases. The inset enlarges the low-bandwidth region, where
the optimal number of turns changes rapidly with the bandwidth requirement. The
results illustrate the tradeoff between transmitter radiation performance and antenna
bandwidth.

Figure 5. Environment-dependent optimal transmitter configurations for
MTER-enabled UG2AG communication. The three panels show the optimized
a), loop radius; b), number of turns; and c), operating frequency for different soil
types and volumetric water-content states. The grouped bars correspond to the four
moisture states considered for each soil type. The results show that the preferred
transmitter configuration varies with the underground electromagnetic environment.

Figure 6. Maximum reliable aboveground coverage at different burial
depths and underground environments. The four panels show the reliable
aboveground coverage for soils with different clay, silt, and sand contents: a), sand-
dominated soil; b), silt loam; c), clay loam; and d), sandy clay loam. Each curve
corresponds to a different volumetric water content. The vertical axis is shown on a
logarithmic scale. VWC denotes volumetric water content.

Figure 7. Field experimental setup of the MTER communication system
in an underground mine. The magnetic loop transmitting antenna and electric
receiving antenna are deployed in different tunnel sections with a large rock and con-
crete obstruction between them, forming a strongly obstructed propagation link. The
enlarged insets show the transmitting and receiving antennas, while the USRP N210
platform is used for signal generation, transmission, reception, and processing. The
dashed lines indicate the approximate geometry of the experimental link.

Figure 8. Field experimental results of end-to-end image transmission over
the MTER link. a), Original test image used as the transmitted payload. b), Mea-
sured physical-layer signal characteristics during transmission and reception, including
the transmitted and received spectra and the QPSK constellations before and after
carrier recovery. c¢), Image reconstructed from the received data. The recovered QPSK
constellations and the close visual agreement between the transmitted and recon-
structed images demonstrate successful end-to-end data transmission. QPSK denotes
quadrature phase-shift keying.
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