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Abstract—The wireless communication range of RF (Radio
Frequency) signals in underground environments is limited due
to the short skin depth and geometric inhomogeneity. Magnetic
induction-based near field communication using long-wavelength
signals provides a low-power, low-cost, and long-range solution.
Due to the fundamental limitation of antenna bandwidth, the data
rate of magnetic induction communication is small, especially
using LF or VLF carrier frequencies. Recently, this limitation has
been addressed by the use of direct antenna modulation (DAM).
Although DAM-based antennas have been widely developed and
accepted, it is not clear how to design optimal receivers to
build an integrated communication system. In this paper, the
bit error rate (BER) of two receiving architectures for magnetic
induction communication with DAM using an integrator and a
correlator are studied. The demodulation schemes are introduced
and analyzed. Analytical models are developed, optimized, and
compared.

Index Terms—BER analysis, direct antenna modulation, near
field communication, optimal receiver.

I. INTRODUCTION

Wireless underground sensor network plays an important
role in precision agriculture and underground pipeline monitor-
ing [1], [2]. The dense and complex underground environment
poses significant challenges on the signal propagation, com-
munication, and networking for existing wireless techniques
such as Zigbee and cellular networks, which are based on RF
(Radio Frequency) signals. Wireless sensor networks in the
terrestrial environment cannot be simply used in underground
environments due to their high power consumption, large
device profile, and high propagation loss.

Magnetic induction-based (MI) near field communication
uses long-wavelength signals to reduce the propagation loss
in underground environments [3]. By using LF (30-300 kHz)
or VLF (3-30 kHz) signals, MI communication can even
penetrate through metal walls [4] for underground metallic
pipeline monitoring. Wireless underground sensor networks
using MI communication have received wide acceptance [5].
MI communication transceivers use high-Q coils to obtain a
long communication range. However, due to the fundamental
limitation of coil bandwidth, the high-Q coils have very narrow
bandwidths [6] [7]. In addition, the carrier frequency of MI
communication is also small (usually lower than 30 MHz) and
the bandwidth becomes extremely narrow. Thus, according to
Shannon channel capacity, the achievable data rate is limited.
Many applications such as underground pipeline inspection
using in-pipe robots require high-data-rate MI communication
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Fig. 1. Equivalent circuit model for DAM. received signals.

to send sensing data and provide navigation support. There-
fore, it is desirable to develop high-speed MI communication
based on low carrier frequencies. This problem is fundamen-
tally different from traditional RF communications where the
bandwidth of baseband signals is much smaller than the carrier
frequency. For MI communication, the carrier frequency is so
small which may not allow wide baseband signal modulation.

Direct antenna modulation (DAM) for MI communication
was proposed in [6], [7]. The data transmission is no longer
limited by the coil bandwidth. By using a switch the trans-
mitted signals can be modulated directly on a coil using On-
Off modulation. It has significant potentials to realize fast MI
communication using low carrier frequencies. For example,
by using 13.56 MHz as the carrier frequency, one can obtain
a 13.56 Mbps data rate ideally. In [6], [7], the modulation
and communication circuits are designed and analyzed. In
this paper, we focus on the receiver side and develop optimal
receivers using an integrator and a correlator. We develop ana-
lytical bit error rate (BER) models to evaluate the performance
of the receiving architectures. Then, we analyze and optimize
the receivers and compare their performance.

II. BER MODELS FOR DIRECT ANTENNA MODULATION

In this section, we review the DAM for MI communication.
Then, we develop the analytical BER models for optimal
receivers and optimize their performance.

A. Direct Antenna Modulation

The DAM is controlled by a switch, as shown in Fig. 1,
where v, is the source, r, is the source resistance, ¢; and
co are capacitors, [y and lo are self-inductance, r;; and 7o
are coil resistances, and r; is the load resistance. When a
bit “1” is transmitted, the switch turns to the capacitor to
form a traditional RLC circuit. When a bit “0” is transmitted,
the switch turns to the ground and the current in the circuit
decreases. By switching at the maximum current moment,



when a bit “1” is transmitted the induced voltage on the
receiving coil’s load can be written as
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where « = (r;; + 75)/r;1. The complete derivations of the
induced currents are given in [6]. An example of the received
voltage signal across a resistive load is shown in Fig. 2. In
traditional RLC circuits, when the circuit has a large Qy,
vro(t) &~ vp1(t) and the receiver cannot successfully demod-
ulate the transmitted data. For DAM, the induced voltage in
the receiver for bit “1” and bit “0” are clearly different, which
is desirable for efficient detection.

In this paper, we propose two optimal receivers using
an integrator and a correlator, as shown in Fig. 3. For the
integration-based solution, we use a full-wave bridge rectifier
to obtain positive voltages and sample the output every Tp,
which is compared with a threshold value to detect the trans-
mitted data. When a bit “0” is transmitted the induced current
in a receiver is almost zero, while by using the integration-
based receiver we can obtain a relatively large value when a
bit “1” is transmitted. Such a large difference can be used to
distinguish the bit “0” and bit “1”. For the correlation-based
solution, the received signal is correlated with a predefined
signal. If a bit “1” is transmitted, the output is larger than that
when a bit “0” is transmitted. Next, we derive analytical BER
models to analyze the performance of them.
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B. Integration-based Optimal Receiver

The integration-based optimal receiver relies on noncoher-
ent detection. Let Ty denote the period of the carrier signals,
i.e., Ty = 27 /wy. For a bit “0”, the output of the integrator is
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Since the received voltage h;,¢ o is around 0, to better distin-
guish the bit “1” and bit “0”, a full-wave bridge rectifier can
be used to ensure the received voltage for bit “1” is always
larger than 0. Thus, for a bit “1”, the output of the integrator
is
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To reduce the BER, we need to maximize |hint,0 — Rint1]-
Note that, when @, is small, the coupling between the
transmitter and the receiver is weak; the signal-to-noise ratio
(SNR) can be very small. Thus, it is challenging to detect bit
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Fig. 3. Receiver architecture: the integration-based optimal receiver (upper)
and the correlation-based optimal receiver (lower).

“1” and bit “0”. When @, is large, we have the following
approximations
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When switching at the maximum current, iz, can be ap-
proximated by cp/2. In this case, |hini,0 — Rine1| = [(4 —
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Q:, c1, and ig,. Since ¢ and g, are determined by the
communication distance and transmission power, respectively,
usually, they cannot be changed. Increasing the coil quality
factor is an effective solution.

Assume that Ny /2 is the noise power spectral density. Then,
the noise variance is
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where (-)* is the complex conjugate and E(-) is the expecta-
tion. As we can see, the noise power spectral density depends
on the sampling interval and we need to scale it by Ty. The
BER can be given as [8]
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where Q(-) is the Q-function. The optimal detection threshold
is Vint = (Rint,1 — Rint,0)/2, which can minimize the BER.
C. Correlation-based Optimal Receiver

The second optimal receiver is based on coherent detection.
The
mal basis for On-Off keying. Thus, the optimal matched filter
is \/Tzosin(wo(To —t)) for 0 < t < Tp. The received signal
can be correlated with this filter and then sampled every 7j.
For a bit “1”, the sampled output is
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For a bit “0”, the sampled output is
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Similarly, when @ is small, both hcor1 and heoro are
approximately O since the coupling between coils are weak
and c¢; is small. When @ is large, we can obtain
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Therefore, the approximated BER can be written as
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To minimize the BER, it is desirable to increase the trans-
mission power, which increases i, or increase the mutual
coupling between coils, which increases c;. Similarly, the
optimal detection threshold is veor = (heor,1 — Peor,0)/2.

III. SIMULATION AND NUMERICAL ANALYSIS

In this section, we numerically evaluate the BER per-
formance of the proposed receiving architectures. Also, we
perform simulations to verify the performance. The effect of
@; is shown in Fig. 4. The carrier frequency is 13.56 MHz. The
resistances 7, 1, 771, and ro are all set as 1 2. The switching
current i, = ¢2/2 and vg = 0.1 V. Ny = —90 dBm/Hz and
m = 0.05Q; /wy. Then, we gradually increase Q; starting from
1. From Fig. 4, we have the following three observations. First,
the approximated models under the assumption of large (); can
closely track the exact models for both the integration-based
optimal receiver and the correlation-based optimal receiver.
Second, as @; increases the BER of both the integration-based
optimal receiver and the correlation-based optimal receiver
monotonically decreases, which indicates that a large ; can
efficiently reduce BER. Third, as (); increases the gain of
using correlation-based optimal receiver over that of using
integration-based optimal receiver increases from O to around
20 dB.

To further analyze the effect of the SNR, we use
Toc?i2,, /Ny as an indicator. Note that i, is proportional to
the transmission power and c? is proportional to the channel
response. As a result, ¢3i2, is proportional to the receiver
power for one bit and multiplying by the symbol time 7 we
can obtain the bit/symbol energy. We use the approximated
BER model to evaluate the performance of the two receivers.
As shown in Fig. 5, the correlation-based optimal receiver has
a gain of 20 dB in the high-SNR regime. In the low-SNR
regime, the two receivers have similar performance.

IV. CONCLUSION

Magnetic induction (MI) communication receives wide ac-
ceptance in extreme environments. It uses lower MHz or kHz
carrier signals and high quality factor coils, which significantly
limits its signal bandwidth. Direct antenna modulation (DAM)
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Fig. 4. Effect of coil quality factor. Fig. 5. Effect of signal-to-noise ratio.

efficiently overcome this issue by modulating signals in the
antenna. In this paper, we propose two receiving architectures
using integration-based and correlation-based solutions. We
analytically derive and optimize the receivers and numerically
evaluate and compare their performance. The results show
that the correlation-based solution achieves lower bit-error-rate
(BER) but it requires coherent detection. While the integration-
based solution has higher BER, it uses noncoherent detection,
which is simple and low-cost. Our future work will implement
the proposed receivers and develop a complete DAM-based MI
communication system.
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