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Abstract: In the non-conventional media like underwater and underground, the Radio Frequency (RF) communication technique does not perform well due to large antenna size requirement and high path loss. In such media, magnetic induction (MI) communication technique is very promising due to small coil size and constant channel behavior. Unlike the RF technique, the communication range in MI technique is relatively less. To enhance this range, a waveguide technique is already brought in practice. This technique employs single layer coils to enhance the performance of MI waveguide. To further enhance the system functioning, in this paper, we investigated the performance of multi-layer coil (MLC) antenna based MI waveguide communication system in terms of transmission range, path loss, bit error rate (BER) and bandwidth. Besides, the system performance is quantitatively evaluated in three different non-conventional media viz., dry soil, fresh water and wet soil. As compared with the single layer counterpart, the MLC system shows a significant improvement in transmission range, BER even in loosely coupled scenarios and shows a corresponding reduction in path loss. However, the bandwidth is observed to be low (< 1 KHz). In this analysis, the eddy current effects and parasitic capacitance are compared for single and multi-layer coils. It is observed that the proposed system performs better in dry soil medium due to less medium conductivity.
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1  Introduction

Magnetic Induction (MI) communication is a promising technique in the Radio Frequency (RF) challenged environments like underground and underwater (Non conventional media). The conventional RF technique fails to perform well in such media due to large sized antenna requirement, high signal attenuation and dynamic channel conditions [1], whereas MI technique is characterized by constant channel condition, coil-shaped small sized antenna. In this technique, the inductive coupling between the coils is less affected by soil and humidity. Thus it finds applications in bridge scour monitoring, border policing, mine disaster detection, oil and gas pipelines, smart agriculture etc. [2–7]. The MI technique works on the principle of transformer, wherein the adjacent coils communicate by means of near field magnetic induction. Initially, the transmission range of MI system was limited only to a few meters. Over the last decade, the research interest turned towards improving the performance of MI communication in terms of reducing path loss, increasing transmission range and channel capacity and so on.

1.1 Motivation

Zhi sun et al. proposed a waveguide technique for MI communication based underground sensor networks, wherein it is observed that the system performance in terms of path loss and transmission range is better than that of a simple MI transceiver system [1]. Continuing the previous work, the same authors developed a closed form expression to quantize channel and network capacity of the MI waveguide system. It is observed that irrespective of the transmitted power, the channel capacity continues to decrease with an increase of transmission distance. Also, it is found that the MI waveguide system is more reliable in the triangular deployment strategy due to having multiple paths for signal transmission [8]. In the previous two papers, the authors assumed that the MI system path loss is medium and frequency independent. This made the system very simple which is not valid in a practical scenario. To overcome this lack, kisseleff et al. in [9], considered the influence of medium conductivities, eddy currents, channel noise and signal frequency on system path loss. These parameters are very essential to consider at high frequencies for accurate system modelling. It is seen that the MI waveguide system with less inter-coil distance offers a better path loss performance for transmission distances greater than meters. Extending the above work, in [10] the authors introduced spread resonance strategy that improves bandwidth and channel capacity. Herein, the resonant frequencies that slightly differ from that of neighboring coils are allocated to the relay coils. Also, the authors considered the parasitic capacitance that becomes prominent at high frequencies. The results show a significant increase in channel capacity and bandwidth, especially in loosely coupled scenarios where the inter-coil distance is relatively larger.

In the above work, single layer coils are incorporated in system modelling. On the other hand, many other authors worked on multi-layer coil (MLC) based system modelling. Vinay et al. introduced an energy model for MLC based MI transceiver system [11]. Herein, a simple transceiver system (without any relay coils) made up of rectangular MLCs is considered. Based on an energy dissipation model, the authors proved that the energy efficiency of the MLC based MI transceiver system is better than its single layer counterparts. In [12,13], Kim et al. devised a method of analytically estimating the inductance value of the MLCs of any shape. Herein, an MLC is approximated as an aggregation of multiple single layer spirals which are stacked together. By using the simulated results obtained from Ansys Maxwell and calculating the polynomial coefficients using Least Squares Method, the inductance value is accurately estimated. Besides, the accuracy of the model is experimentally validated. In any coil, the combination of conducting wires separated by an insulation forms a capacitance. An array of such combinations exist in MLCs and thus this stray capacitance becomes significant especially in MLCs at high frequencies. This parasitic capacitance value is precisely modelled in [14], wherein, an orthogonal and hexagonal winded MLCs are considered. The stray capacitance in the above two kinds of coils is estimated for standard and flyback windings. Herein, the authors showed that the capacitance value increases with the coil turns, and decreases with the number of coil layers. Besides a significant work is done in literature where many numerical approximation schemes like finite element method (FEM), finite difference method (FDM), and spectral element method (SEM) are developed. Among these, SEM is found to have more accuracy and less computational cost [15–18]. SEM could be used for simulations related to wireless relay networks or waveguides. This technique also finds application in fields like photonic nanojet analysis, computational electromagnetics and so on [19–22]. Besides, the authors utilized a low cost electromagnetic structure that emulates photonic nanojets. The efficiency of this structure is verified using the SEM and the overall performance of the wireless relay networks is enhanced in terms of bit error rate [23].

As compared to the SLCs, the magnetic coupling in a MLC based system is stronger due to higher self-inductance of the coil. By incorporating these MLCs in the MI waveguide system, the system path loss can be further reduced and other performance parameters can also be improved. Moreover, in the current literature [9,24], the authors used MLC in system modelling. However, the influence of layers of coil is considered only in modelling the coil self-inductance but not in the resistance and mutual inductance. Motivated by this observation, in this work we incorporated MLCs to improvise the MI waveguide system performance.

1.2 Contributions

The contributions of this work are mentioned here below:

1.    MLCs are incorporated in the MI waveguide system and consequently the system performance is improvised in terms of path loss and transmission range.

2.    The coil resistance of MLC is modeled which shows a linear dependence of the layers of the coil on resistance.

3.    The self-inductance of a given MLC is estimated by developing a mathematical model based on Ansys Maxwell simulations. The inductance of MLC is found to be in millihenries whereas in SLCs it is in the order of microhenries only.

The rest of the paper is organized as follows. In Section 2, the preliminaries of MI waveguide channel; including the MI system model, various performance parameters are explained. Section 3 explains the multilayer coil modelling in detail. In Section 4, the analytical results of MLC based MI waveguide system are discussed. Section 5 concludes the paper and mentions possible future scope.

2  Preliminaries of MI Waveguide Channel

In this section, an MI waveguide system is considered which consists of a transmitter coil and a receiver coil separated by (n-2) relay coils as shown in Fig. 1. All these coils are identical in dimensions. Except the transmitter and receiver, all relay coils are passive (which do not require external power supply), that operate due to magnetically induced voltage.
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Figure 1: MI waveguide system model

2.1 Performance Parameters

The performance of a communication channel can be evaluated by the parameters like path loss, bandwidth, channel capacity, bit error rate and so on. Some of these parameters are considered herein for the performance analysis of MLC based MI waveguide system.

2.1.1 Path Loss of MI Waveguide Channel

In the considered MI waveguide structure, every adjacent pair of relay coils is separated by an inter-coil distance of r meters. If M represents the magnetic induction between two adjacent coils, ω is the angular frequency, then Z=R+jωL+1jωC is the impedance of each coil, where C is the loaded capacitor connected to each coil. Now the path loss is calculated according to [1,8] as

PL(dB)≅10log10⁡(4|ξ(ZωM,n−1)|2)(1)

where ξ(ZωM,n−1) is path loss polynomial of order n − 1. Here n represents the total number of coils which depends on the inter-coil distance r and the transmission distance d, given by n = ⌈d/r⌈ + 1. The polynomial ξ(t,p) is developed as follows

ξ(t,1)=t,ξ(t,2)=t2+1,ξ(t,3)=t3+3t,(2)

ξ(t,p)=tξ(t,p−1)+ξ(t,p−2)
To achieve low path loss, all the coils are designed to operate at resonating frequency f0, and thus the impedance of every coil is pure resistance (i.e., Z = R).

2.1.2 Bandwidth of MI Waveguide Channel

As all the coils are operating at resonant frequencies, the coil impedance is less and subsequently the bandwidth is also less. In this paper, 3-dB bandwidth B is considered as the channel bandwidth and thus the path loss at the frequency f0+ 0.5B will be twice at the central frequency f0, i.e., PL(f0+ 0.5B) = 2 x PL(f0). Substituting this in (1) gives

|ξ(R+j2π(f0+0.5B)L+1j2π(f0+0.5B)C2π(f0+0.5B)M,n−1)ξ(R2πf0M,n−1)|2=2(3)

To derive an approximated expression of B, a low density of relay coils (relatively a larger inter-coil distance) is considered, which is economical and favorable for deployment. Consequently, the value of t=ZωM becomes large because of the mutual inductance value getting smaller. As a result, now the highest order term in expansion of path loss polynomial becomes more significant. Thus, only the first term in the expansion of (3) is considered. In addition, in MI communication the bandwidth B(few KHz) is much smaller than the central frequency f0(MHz), in other words, 2π(f0+0.5B)M≈2πf0M. Therefore, (3) can be approximated as

|R+j2π(f0+0.5B)L+1j2π(f0+0.5B)CR|P=2(4)

The loaded capacitor C is designed for resonance condition to fulfill j2πf0L+12πf0C=0. Solving for B, the bandwidth for MLC waveguide is obtained as shown below. (For complete derivation, refer to Appendix)

B=R21n−1−12πL(5)

2.1.3 Bit Error Rate of MI Waveguide Channel

In this paper, the 2PSK modulation technique is considered and according to that the BER is calculated as 0.5erfc(SNR) where the SNR is the Signal-to-Noise ratio given by

SNR=Pt4N0×|ξ(ZωM,n−1)|2(6)

Here, Pt, N0 represent transmitted power and receiver noise respectively [1].

3  Multilayer Coil Modelling

In this section, various characteristics like coil resistance, self and mutual inductance of MLC are modeled.

3.1 Resistance of MLC

In this paper, an orthogonal multilayered circular solid copper coil is considered. The coil has NT turns and NL layers as shown in Fig. 2. In this figure, an MLC is split into 4 equal quarters and the cross-sectional front view of a quarter is shown. Herein, Di, D0 represent the inner and outer diameters of the coil respectively. If R0 represents the unit length resistance of the copper winding, then coil resistance is given by R = Total length of winding ×R0 . The lengths of winding in layer 1, layer 2,…… layer NL are NT×2πa1,NT×2πa2,………….NT×2πaNL respectively. In orthogonal winding, in all the layers there will be same number of turns.
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Figure 2: Cross-sectional front-view of one quarter of MLC

Hence, the length of entire copper winding is the aggregate of above lengths (sum of winding-lengths in all layers) = 2πNT∑x=1NLax, where ax is the radius of xth layer of the coil. From Fig. 2, it can be seen that a1=Di/2, a2=(a1+dc), a3=(a1+2dc), a4=(a1+3dc), …………,aNL=a1+(NL−1)dc,where dc is the diameter of the insulated coating material. Thus, ∑x=1NLax=NLa1+NL(NL−1)dc/2. By rearranging the summation, finally the resistance R of the MLC is given by

R=πNTNL[Di+(NL−1)dc]R0(7)

3.2 Self Inductance of MLC

The self-inductance of the MLC is modeled based on the method developed in [12,13]. Herein, the MLC is approximated as a combination of vertical single spirals attached together. According to this method, the equivalent inductance of an MLC can be calculated by

L≈2Lss∫0NT(NT−s)ksds(8)

where, ks=(bs+1)c

Here, Lss is the inductance of a single spiral. s is the normalized spacing between two single spirals. s = 1 implies the spacing between spirals is dc, s = 2 implies the spacing between spirals is 2 × dc and so on. ks is the coupling coefficient between s-spaced spirals. When s = 0, it is considered that ks = 1. Naturally as s increases, ks decreases. As the coupling coefficient value is related as 0 < ks < 1, it follows that b ≥ 0 and c < 0.

By substituting the value of ks in (2) and simplifying, the following equation is obtained.

L=2Lss[(NTb+1)c+2−1b2(c+1)(c+2)−NTb(c+1)](9)

As shown below, the values of b, c, Lss are modelled using Least Squares Method. The simulation data needed for this method is shown in Tab. 1.

b=−0.1049+1.2334NL−1+0.8443NL−2(10)

c=−0.5723−0.4298NL+0.1126NL2−0.0134NL3
Lss=0.0074−0.0233NL−0.1+0.0246NL−0.2−0.0087NL−0.3
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3.3 Mutual Inductance between MLCs

The mutual inductance between two adjacent coils in calculated by M=kL1L2, where k represents the coupling coefficient between adjacent coils; given by [11] as

k(r,a)=π2ae3(r2+ae2)1.5(11)

where ae is the effective coil radius given by ae=a1+NLdc2. When MLCs are incorporated, then skin depth becomes prominent that causes due to eddy currents. To incorporate the skin depth effect, an additional attenuation factor G is included which is given by [9] as G(r)=e−rδ. Here, r is the inter-coil distance and the skin depth factor δ is calculated as follows

δ=1ωμε2(1+σ2ω2ε2−1)(12)

Here, µ, ϵ, σ are permeability, permittivity and conductivity of the medium respectively. By including this factor, the mutual inductance is finally transformed as

M=kL1L2.G(13)

In this work, it is assumed that the coils are horizontally deployed (axes of the coils are collinear) and the orientation of coils is unchanged with time. Thus a maximum coupling is possible.

4  Results and Analysis

The performance of MLC based MI waveguide system (MLC-WG) is investigated in this section using MATLAB numerical analysis. Various parameters are considered to compare the MLC-WG performance with its SLC counterparts (SLC-WG). For the comparative analysis, the system parameters are taken from [1,10,25]. In this work, we considered three different media for performance comparison (viz., dry soil (ds), fresh water (fw) and wet soil (ws)). As MI channel has constant condition, the magnetic permeability in all these media is same as that of air i.e., µ0 = 4π × 10-7 H/m. The conductivities of the considered media are as follows; σds = 3 × 10−4 S/m, σws = 0.01 S/m, σf w = 3 × 10−3 S/m and the corresponding relative permittivities are ϵds = 7ϵ0, ϵws = 30ϵ0, ϵf w = 80ϵ0 respectively. The coil resistance is measured using the unit length resistance R0 = 0.01 Ω/m as per AWG 6 standard. The inner radius of the coil is a, which is 0.15 m. The bare copper wire has a cross-section of 4 mm and the coating wire has thickness of 2 mm. The inter-coil distance r is varied between 3 and 6 meters. The operating frequency is taken as 1MHz. The transmitting power is 10 dBm and noise power is –103 dBm.

In Fig. 3, the path loss performance of SLC-WG and MLC-WG is comparatively shown. It can be seen that the path loss experienced in MLC-WG is lesser than that in SLC-WG. In MLCs, the addition of every layer results in an increase of both resistance and self-inductance. However, the path loss is decided by the combined effect of these two parameters based on the value of the ratio R/ωM. The path loss is directly proportional to this ratio [1]. As shown in Tab. 2, for the MLCs, as the number of turns and layers is increased, the coil self-inductance and resistance is also increased. Consequently, the mutual inductance between adjacent coils is increased, which facilitates a strong coupling between the relay coils. Thus, the path loss decreases in case of MLC-WG.
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Figure 3: Comparison of path loss in SLC and MLC based MI waveguide system
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In Fig. 4, the path loss performance is shown for different considered media. At a transmission distance of 310 m, the path loss of MI signal in dry soil, wet soil and fresh water media are 32 dB, 84 dB, 45 dB respectively. At any given transmission distance, it can be seen that the path loss experienced by the MI signal in dry soil medium is the least. This is due to the less conductivity of the dry soil medium, which results in relatively lesser signal attenuation.
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Figure 4: Path loss of MLC based MI waveguide system in various media

In Fig. 5, the BER characteristics of MLC-WG are compared with its single layer counterpart while varying the inter-coil distances. Herein, the transmission range of SLC-WG is around 30 m and this is due to high path loss experienced at 1 MHz frequency. Using MLCs, a higher transmission range is achieved. The transmission range is increased by around 15 times. It can also be noted here that even when r = 6, the MLC-WG system gives an impressive transmission range. Thus, MLCs can offer better range even in loosely coupled scenarios. In Fig. 6, the BER performance of MLC-WG is analyzed in different media. In accordance with the path loss performance, the BER performance is best observed in dry soil medium. Besides, we considered that the fresh water is in static situation and thus coil orientations are undisturbed. Thus the waveguide is performing better in fresh water medium than wet soil.
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Figure 5: BER in SLC and MLC based MI waveguide systems
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Figure 6: BER performance of MLC based MI waveguide system in various media

It is to be noted that, even though MLC-WG offers a better transmission range at the expense of material cost, the bandwidth is still less. In this work, it is observed to be less than 1KHz. This is a serious issue in some time-critical applications like border patrol and mine disaster rescue. Although the skin depth effect is considered in this work, additionally the proximity effect, parasitic capacitance will add to a little more resistance of the coil. Thus, a little degradation of performance can be expected. The parasitic capacitance of MLC is observed to be similar to that of SLC. More specifically, the value is in the same order and it differs by a few Pico Farads as shown in Tab. 3. Consequently, the capacitive reactance of the parasitic capacitance of both kinds of coils is in the same order of Mega ohms. Thus, the current that passes through the capacitive reactance element is very less. In other words, for both the coils, approximately the same amount of current passes through the parasitic capacitance element. Therefore, in this work, the effect of parasitic capacitance is not considered for comparative performance analysis. From [14], It is observed that, in MLCs, as the number of layers is increased, the parasitic capacitance decreases and it is lesser for smaller length coils (i.e., less number of turns).
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This behavior is opposite to that of SLCs, where the parasitic capacitance decreases with an increase of turns [10]. Nevertheless, the overall parasitic capacitance of MLCs is slightly greater than that of SLCs. It can be expected that the inclusion of parasitic capacitance in the path loss modelling reduces the overall system performance by using either of the coils. However, in case of MLCs, the self-inductance is 100 times greater than that of SLCs. Moreover, the resistance of the coil is very less as compared to the capacitive reactance of the coils. Thus, the performance of MLC-WG is better than that of SLC-WG system.

5  Conclusion

In this work, we investigated the performance of MI waveguide system using MLCs in three different non-conventional media. As compared with the single layer counterpart, the MLC waveguide system shows a significant decrease in path loss and a corresponding increase in the transmission range and bit error rate performance. Among the three considered media, the MI waveguide system performs better in dry soil medium due to the low conductivity of the medium. Remarkably, in the proposed MLC-WG system, the bandwidth is less than 1 KHz; which is smaller than SLC-WG, resulting in a low channel capacity. This can be enhanced by the spread resonance strategies and MIMO technique based solution proposed in [10,26]. Achieving a high channel capacity in addition to a large transmission range is still a challenging issue. This analysis is left for the future work.
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Appendix

From (4), |R+j2π(f0+0.5B)L+1j2π(f0+0.5B)C|P=2

Assuming that X = j2π(f0+0.5B), then (4) can be rewritten as

|1+jXLR+1jXCR|P=2(4a)

1+(XLR−1XCR)2=21P(4b)

XL−1XC=R21/1PP−1=k1(say)(4c)

The above expression forms a quadratic equation in X given by

X2LC−XCk1−1=0(4d)

The roots of the above quadratic equation are given by

X=k12L±(Ck1)2+4LC2LC=t1±t2(4e)

where t1 and t2 refer to the corresponding L.H.S terms.

It can be observed in the roots that 4LC >> (Ck1)2, that results in t2≅1LC

Now, as t2>t1, and since X can not be negative, the only possible root for X is t1+t2

i.e.,

X=k12L+1LC(4f)

Re-substituting the value of X=2π(f0+0.5B) in (4f), where f0=12πLC, we get

B=R21P−12πL(5)

where P = n-1.
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Table 1: Simulation data of K,: Circular coil

— NL=1 NL=3 NL=5 NL=7
S=1 0.3472 0.6434 0.7431 0.8187
S=3 0.1921 0.4016 0.4981 0.5652
S=5 0.1250 0.2792 0.3579 0.4083
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S=9 0.0645 0.1517 0.2010 0.2385
Lss (uH) 1.941 6.156 13.07 22.16
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c —-0.9029 -1.2103 —1.5811 —2.6592
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Table 3: Parasitic capacitance values of SLC and MLC

Type of coil N; No Parasitic capacitance (pF)

Single-layer coil 10 1 17.23
15 1 11.07
20 1 8.16
25 1 0.46

Multi-layer coil 5 5 18.75
5 8 13.6
8 5 29.6
8 8 21.7
10 5 36.99
10 10 23.2
15 8 40.47
15 12 30.75
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Table 2: Path loss performance of MLC based MI waveguide (dry soil, r = 5, at 350 m range)

(N, N) R (ohms) Lc (mH) M (. H) R/(wM ) PL (dB)
(10, 3) 0.2978 0.643 0.195 0.2432 74.73
(15, 3) 0.4467 1.200 0.357 0.1991 61.25
(15, 4) 0.6107 1.900 0.609 0.1595 49.11
(20, 4) 0.8143 2.900 0.929 0.1394 42.92

(20, 5) 1.0430 4.000 1.389 0.1195 36.00
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