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MIMO Propagation Measurements in Underground Mine Using
Beamforming Butler Matrix Networks
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Abstract—The advantages of integrating beamforming Butler matrix in 4 x 4 Multiple-Input Multiple-
Output (MIMO) systems for underground mine wireless communications in the 2.4 GHz band are
investigated. To satisfy both line-of-sight (LOS) and non-line-of-sight (NLOS) conditions, two separate
measurement campaigns are performed in a real L-shaped underground mine gallery; the first uses 4-
elements beamforming conformal microstrip patch arrays (CMPA), while the second uses 4-elements
beamforming Butler Network (BN-MIMO) by means of connecting a planar microstrip patch array to a
Butler matrix. Due to its high radiation efficiency, the latter shows further performance for enhancing
the channel propagation characteristics, and thus, for reducing the average path loss by about (2.2 dB,
5.1dB) under (LOS, NLOS) conditions, respectively. Similarly, a reduction of (0.67 ns, 37ns) in the
RMS delay spread has been achieved to result in an additional gain of (46 MHz, 0.82 MHz) in the
channel’s coherence bandwidth. Furthermore, the orthogonal property of BN array radiation beams
has led to a suppression of about (6%, 11%) in inter-subchannels correlations to boost (1.1 bit/s/Hz,
4.35bit/s/Hz) in the channel capacity.

1. INTRODUCTION

Recently, the mining industry has expressed more interest towards the adoption of reliable wireless
communications systems aiming to optimize both the mining processes and the miners’ safety [1].
Technically, the achievement of such a goal faces significant challenges as a consequence of the hostile
propagation characteristics of underground mines environments [2, 3]. Indeed, MIMO technology that
sufficiently exploits both the abundant multipath and frequency resources offers a great potential for
high data throughput speed as it allows spatial multiplexing, diversity, and beamforming schemes [4].
In underground mines, a recent study has been carried out to investigate the performance of
MIMO Beam-Space (BS) system based on a switched beam conformal array antenna (CMPA) [5]. Such
a shiftless structure shows several drawbacks as it limits the orientation of its radiation beams towards
30° angles facing the array, exclusively. Furthermore, the static beams orientation of CMPA was a
major concern while technical requirements for smart detection of channel multipath at desirable angles
of arrival (AoA) were ignored. Although underground mine wireless channels are subject to hostile
propagation phenomenon which leads to large multipath fading fluctuations, such effects decrease
the spectral efficiency of the system and limit its capacity. Thus, CMPA might become irrelevant
under an insufficient link power budget. Fortunately, Butler matrices act as electronic steerable passive
radiators, and they allow the orientation of the radiation directivity towards the desired angles using
electronic phase shifters [6]. Alternatively, due to their simple implementation, high radiation efficiency
and non-physical beam steering, Butler matrices become widely employed in the multi-beam arrays
industry [7]. Such radiators can be configured as MIMO system with M-elements that transmit/receive
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simultaneously [8]. Recent studies have confirmed the integration of Butler matrix in MIMO systems
for enhancing the multipath gains and mitigating the fading correlation among array elements [9].

Unlike CMPA, the proposed smart beamforming system shows a potential ability to gather the
array’s orthogonal and uncorrelated sub-beams to result in a high gain beamforming lobe at each
port of the array, instantaneously. Thus, BN-MIMO radiation setup ensures an efficient directional
radiation beam that can be shifted instantly towards desired angles to strengthen the multipath gain in
these directions. Besides, the directivity of such a technique limits the multipath interference and thus
enhances the channel spectral efficiency.

To the best of our literary search, the advantages of using Butler matrix-MIMO systems in
underground mines have not been explored yet. To give a clear insight into the proposed system,
the extracted results will be fairly referred to a previous work reported in [5] which is performed under
a similar measurement setup and procedure in the considered gallery site. Thus two separate 4 x4 MIMO
measurement campaigns are performed in a real underground mine using: a) 4-elements beamforming
Conformal Microstrip Patch Arrays (CMPA), and then b) 4-elements beamforming Butler Network
(BN) by means of a linear planar microstrip patch array connected to a Butler matrix. For analysis
purpose, both campaigns are investigated in a comparative way, under both LOS and NLOS scenarios,
hence, an L-shaped mine gallery is chosen. Regardless of the undertaken scenarios, the achieved results
have confirmed the use of BN array as a means to enhance the propagation characteristics, and thus,
to boost MIMO system capacity of underground mines channels.

The rest of the paper is organized as follows. Section 2 introduces the channel sounder hardware
setup and describes the measurement site and procedure. The statistical analysis of the experimental
data and results are presented in Section 3, and followed by a conclusion in Section 4.

2. MEASUREMENTS SETUP, SITE AND PROCEDURE

The frequency-sweep measurements are performed using the sounder setup detailed in [5]. The
measurement setup parameters are summarized in Table 1. Both arrays are designed and fabricated in
the LRTCS (Laboratoire de recherche Télébec en communications souterraines) using HFSS software
tool (Ansoft). Fig. 1 shows a photograph of the used CMPA array, and its full details are provided
in [5].

Table 1. Measurement system parameters.

Parameters Values
Center frequency 2.45 GHz
Bandwidth 200 MHz
Number of Frequency Tones 4001
Frequency Resolution 50 KHz
Time resolution 5 ns
Transmit Power 10dBm
Low Noise Amplifier (LNA) 30dB
Power Amplifier (PA) 30dB
Dynamic Range 100dB

2.1. Butler Network Design and Structure

BN offers a potential ability to be equipped by a sophisticated RF switch which facilitates the radiation
beam steering of the arrays. This technique is an attractive option for complex underground mine
channels due to its simple design, lossless property, high beam crossover level and ability of forming
orthogonal beams. Full details about Butler matrix technology are provided in [6]. Practically, a
switched-beam BN consists of a fixed beamforming network and a planar microstrip patch antenna
array as shown in Fig. 2(a). The Butler matrix is composed of 3-dB branch line couplers, a cross-over,
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Figure 2. (a) A photograph, (b) a design block diagram and (c) the measured H-plane radiation
patterns of the fabricated Butler network array (BN).

and transmission line phase shifters [6]. The trend towards such a design is to tool-up the linear planar
array with the necessary phase shift that produces multiple orthogonal beams. A block diagram of the
Butler matrix is shown in Fig. 2(b). The radiation pattern performance in the H-plane was measured in
an anechoic chamber as shown in Fig. 2(c). Similar to CMPA array, BN provides four beams at —45°,
—15°, 15° and 45°. However, the BN shows a competitive advantage over CMPA due to its higher level
of beams radiation directivity which plays an important role in mitigating multipath fading effects and
in enhancing the channel propagation characteristics. To ensure almost uncorrelated subchannels, the
array elements are spaced by one-half wavelength (A/2) [1]. Although increasing the number of array
elements is expected to enhance the channel performance, the available designed arrays are limited to
four elements. Such a choice appears persuasive under IEEE 802.11n standard specifications that allows
up to four spatial streams.

An illustrative map and a photograph of the measurement site gallery are shown in Fig. 3. More
description details about its structure are provided in [5]. Such a persuasive choice of the measurement
site ensures a reasonable referral of the achieved results to the literature. The undertaken hostile-
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Figure 3. Illustrative map of the CANMET 40 m level underground mine gallery in Val d’Or, Quebec,
Canada, and of the Tx /Rx arrays positions.

propagation mine gallery suffers from a significant amount of multipath as a result of reflection,
diffraction as well as scattering mechanisms from the surrounding rough surfaces. During measurements,
each scenario was performed using two identical Tx /Rx arrays, i.e., either CMPA or BN. Similar to
the procedure detailed in [5], the small scale measurements were obtained by arranging Rx on a 7 X 7
points square grid spaced by A/2. LOS and NLOS scenarios were investigated as illustrated in Fig. 3. a)
LOS scenario: Tx remains stationary at the intersection of the gallery passageways while Rx is moving
away from point “A” to point “B” (2 to 30m), with an increment of 2m. b) NLOS scenario: This
measurement campaign is similar to the previous one. The initial position of Rx is set at point “A”
(Fig. 3) to guarantee LOS blockage between both ends, and then Rx moves towards its final position
(point B) with an increment of 2m. Following the procedure in [5], the 3-D MIMO channel matrix at
each Rx location is formed by collating CTFs of all (4 x 4 = 16) subchannels, where N, Nr are the
number of transmit, receive array elements, and f is the discrete frequency component (4001).

3. EXPERIMENTAL ANALYSIS AND RESULTS

The extracted results will be fairly referred to the measurements reported in [5] as they were performed in
the undertaken mine gallery using similar procedure, setup and CMPA arrays. The channel multipath
effects are examined after eliminating the sounding system hardware including the transmit power,
arrays gains and feeding cables losses. This is realized by calibrating (normalization) all measured
complex Channel Transfer Functions (CTF) with respect to 1 m of TX-RX distance [5].

3.1. Link Budget and Fading Characterization

3.1.1. Distance-Dependent Path Loss (PL) Law

The measured PL has been examined prior to other statistical parameters as it relates the received power
(P7) to the transmitted power (P!) for each MIMO subchannel and for each T'x-Rx separation distance
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(d). We stress that averaging of the channel transfer function (H) measured across 4001 frequency tones
(2.35-2.55 GHz) was done on a linear scale (not in decibels) as:

4001

1
Pia(d) = 101ogyg { (35 > IH(fz',d)lz} ~ (Pt m) (1)
Thus, the location-variant PL is extracted as [11]:

_ __ d
PLag(d) = PLT(d) + 10nlogy, (d—> + Sap (2)

o

where PL!;5(d,) is the averaged received power in decibels at a reference distance d, from T’x, in our case
do = 1m; “n” is the PL exponent; Syp denotes the location-dependent shadowing fading parameter.
Scatter plots of PL averaged over all MIMO subchannels versus Tx-Rx logarithmic distances and the
Minimized Mean Squared Error (MMSE) fitting lines are presented in Fig. 4. The fluctuation in PL
around its mean is the result of the significant variations in the dominant waves with respect to the
sum of heavy multipath in the channel. Indeed, underground mines structures are location-specific, i.e.,
their non-uniform cross section leads to a noticeable variation in the amount of multipath from one

location to another [12]. Table 2 shows the average PL, “n” and Sgp of Eq. (2).
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Figure 4. Channel path loss (PL) measured using (a) BN-MIMO and (b) CMPA-MIMO in [5].

Table 2. Average Path Loss (PL), Path Loss Exponent (n), Standard Deviation (Sqg), Average SNR
and Ricean K gyeior-

Array Type: CMPA-MIMO BN-MIMO
Scenario: LOS NLOS LOS NLOS

n 1.18 2.56 1.13 2.24

PL [dB] 18.45 38.7 1623  33.2

Sap [dB] 3.61 2.65 3.73 3.1

SNR [dB] 37.2 15.7 414  19.3

Kpactor [dB] 6.1 (Rice) —1.63 (Rayleigh) 7.7 1.2

Under LOS, the value (n < 2) implies that underground mine signals exhibit a higher propagation
ability than free space. In fact, underground mine tunnels act as waveguides for propagating signals
where all multipath rays aggregate and contribute to enhancing the received power [13]. “n” of both
MIMO configurations exhibit a very slight difference of about 0.9 and 0.32 in favor of BN for LOS and
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NLOS cases, respectively. Despite this slight difference in “n”, however, BN-MIMO offers a noticeable
suppression in the average PL of about 2.2dB and 5.13dB for LOS and NLOS cases, respectively. As
compared to LOS case, a larger PL gap is noticed under NLOS, owing to the heavy amount of multipath
experienced using BN-MIMO compared to CMPA-MIMO thus confirming the importance of the high
radiation directivity of BN array for enhancing the multipath gains in the channel. The large values of
Sap reflect the variation in the received power with respect to its mean.

3.1.2. Signal-to-Noise Ratios (SNR)

Given the channel setup information, SNRs (in dB) of all Np x Npg subchannels are calculated as a
function of Tx-Rx distance along the galley as:

SNR(d) = Pr + Gr + Ggr — PLgg(d) —NP (3)
Received Power Sensitivity

where, the transmitted power, gains G, Ggr of Tx, Rx antennas, respectively, are assumed 0dB, and
the receiver noise power (NP) is —90dBm. The feeding cables losses are compensated by the power
amplifier (PA) and low noise amplifier (LNA) of the system, hence, they are considered to be 0dB.
The empirical CDF of the channel’s SNR is shown in Fig. 5(a). The computed average SNR is given
in Table 2. Fig. 5(a) gives a discernment into the BN-MIMO radiation effects; theoretically, a coherent
combination of Ny x Ng copies of the transmitted signal superimposed by a large amount of strong
channel multipath results in a higher received power level and in a further suppression in the noise power.
BN arrays show a higher ability to generate strong multipath in the channel, and indeed, greater SNRs

are achieved than CMPA case.
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Figure 5. Cumulative distribution function (CDF) of (a) Signal-to-Noise Ratio (SNR), (b) Ricean
KFactor-

3.1.3. Ricean K-Factor

In the literature, Ricean K p,ci0r is used extensively to characterize the fading in multipath channels,
i.e., a large Kp,ctor gives an indication about the presence of shallow fades, while the worst-case, i.e.,
Rayleigh, assumes the absence of any dominant multipath in the channel. Thus, a LOS channel is
commonly assumed for Ricean fading, but there can be dominant components in NLOS scenarios. For
a 3-D MIMO matrix H containing the frequency-dependent observations of the subchannel responses,
Kpyetor 1s computed for each individual MIMO subchannel and for each Ryx location throughout the

gallery [14]:

2
KFractor = 10 loglo {%} (4)
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where £{} and var{} correspond to the expectation and variance operators, respectively. Results of
Fig. 5(b) and Table 2 demonstrate that the multipath fadings of BN-MIMO are Ricean distributed.
The value of Ricean K pyctor that varies between 7.7dB and 1.2dB for LOS and NLOS, respectively,
demonstrates the presence of strong dominant multipath in BN-MIMO channel. Under NLOS, BN-
MIMO exhibits less severe fading level than Rayleighan CMPA-MIMO.

3.2. Time Dispersive Channel Characteristics
3.2.1. Power Delay Profile (PDP)

Since the measurements are performed using the frequency-sweep technique, the channel PDP is
obtained by applying the inverse discrete Fourier transform (IDFT) to the complex MIMO CTF
measured at each Rx location (d).

PDPNRXNT (4 ) = <|IDFT{HNRXNT(f, d)}|2> (5)

The PDP is then averaged over 16 subchannels measured at each of the 15 Rx locations along
the central line of the gallery (10 locations in NLOS case). In Fig. 6(a), the first perceptible paths
dominating the PDP are the result of the direct LOS waves for each Rx location; their delays range from
6.7ns to 100 ns for 2m to 30 m which corresponds to the shortest Tx-Rx path distances, respectively.
As observed, the magnitude of the LOS along the gallery does not decrease in a monotonic trend as
experienced in indoor environments; it fluctuates at some specific distances. Such manifestation might
be due to the location-specific nature of underground mines as their cross sectional shapes are not
uniform, and their surfaces irregularities can vary up to 30 cm. Indeed, the mean of the signal power
fluctuates randomly throughout the location-specific gallery and thus gives rise to the log-normally
shadow fading phenomenon [15]. Such manifestation is obvious in Fig. 4 as the calculated PL for all
Rx locations deviate randomly from their regression fitting lines. Fig. 6(b) presents two NLOS-PDPs
samples measured at 30 m from Rx using both CMPA-MIMO and BN-MIMO setups. The latter shows
an exponentially decaying PDP of strong multipath where the peak power of the PDP reaches about
50 dB above the noise level compared to about 30 dB under CMPA-MIMO.
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Figure 6. Channel time dispersion characteristics (a) BN-MIMO normalized PDP measured under
LOS for all Rx locations, (b) PDP samples measured under NLOS at 30 m from Rx.
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3.2.2. Root Mean Square Delay (o+) and Coherence Bandwidth (Bc)

RMS delay spread (o) gives insight into the channel dispersive characteristics, the coherence bandwidth
and thus, the amount of inter-symbol interference (ISI) to be encountered in the channel. It is extracted

from the channel PDP as [5]
Zka27'2 Ekasz 2
at:\/zk;—< 'g) (©)
kO, Yoz

where «j and 7 are the relative magnitude and delay of each perceptible multipath component,
respectively. o; are extracted from the corresponding PDP using the threshold level considered in [5] that
is 10dB below 0dB peak of the normalized PDP, thus o, will be fairly referred to those obtained in [5].
During data analysis, o; was found to increase with Tx-Rx distances, but not in a monotonic trend due
to the aforesaid site-specific reasons of the gallery. However, regardless of the traveled distance and the
great amount of multipath experienced in underground mines, smaller o; values have been frequently
recorded than those obtained in indoor environments where the average o; reaches 15.94 ns and 24.72 ns
for LOS and NLOS cases, respectively [16]. Owing to the waveguiding effects of confined underground
mines, at large distances the reflected, diffracted and scattered copies of the travelling signal arrive at Rx
with relatively small delays as compared to the direct LOS path [17]. Fig. 7 shows CDF of o; computed
for all (Ngr x Nr) MIMO subchannels and for all Rz locations throughout the gallery. The mean
value is computed by averaging o; over the 16 subchannels and Rx locations throughout the gallery
(16 x 15 = 240 for LOS case) as summarized in Table 3. Regardless of the undertaken scenario and
Tx-Rx locations, BN-MIMO demonstrates lower o; than the values reported in [5]. Further reductions
in the average values of o; are achieved at a rate of 0.67ns, 37 ns for LOS and NLOS cases, respectively.
Thus, the presented BN array offers considerably short o; implying lower design complexities for the
equalization tools required to counter the erroneous bits in the channel [18]. Furthermore, the channel
coherence bandwidth (B¢) is computed [15]. As expected, during the data processing, it is found that
shorter communication links offer more useful Bo. Under BN-MIMO, additional B of 4.6 MHz and
0.82 MHz have been achieved for LOS and NLOS cases, respectively, as compared to CMPA-MIMO. The

Prob. RMS Delays 7y < Abcissa

0 5 10 15 20
RMS Delay Spreads( 7y ) [ns]

Figure 7. Cumulative distribution function (CDF) of the RMS delays Spreads measured using BN-
MIMO.

Table 3. Statistics of RMS delays and average coherence bandwidth [MHz].

Array Type: CMPA [5] BN-MIMO
Scenario: LOS NLOS LOS NLOS
mean 2.08 11.47 1.41 7.8
ot [ns]
std. 1.16 4.7 0.96  3.93

Bo [MHz]  mean 9.61  1.74 142 256
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latter requires therefore more equalization measures for an equivalent spectral efficiency. The statistics
of B¢ are listed in Table 3.

3.3. Inter-Subchannels Correlation Coefficients

The correlation coeflicients give useful information about MIMO inter-subchannels orthogonality and
thus about the capacity performance. In other words, a higher capacity can be reached when different
transmission channels carry independent uncorrelated copies of the transmitted signal. The correlation
of the channel gains from the same transmitter to four different receivers (receiver correlation) is
calculated first and then, the correlation of the channel gains from four different transmitters to the
same receiver (transmitter correlation) [19]. The correlation coefficients (p) of channel gains for two
different receive antenna elements (nq and ng) and the correlation coefficients for two different transmit
antenna elements (m; and mg) can be expressed as [19]:

prty = (1 [*, [Barn2|*) (7)

P%lmg = <‘hnm1‘2v|hnm2|2> (8)
The general correlation expression between x and y is:

V(B [2%] = E[z]?) (B [y?] - E[y])
where [-] denotes the expected value operator. CDFs of computed correlation coefficients are shown
in Fig. 8. The low correlation of BN-MIMO is due to its high ability for generating independent
multipath, owing to its precise orthogonal radiation beams. Average “p” are summarized in Table 4.
It is noteworthy mentioning that for a fixed channel gain, a higher Kp,.0, means an increase in the
spatial correlation and hence a degradation in channel capacity [19]. However, this is not the case for
BN-MIMO. Its high radiation gain results in strong multipath as compared to CMPA-MIMO. Under
LOS, the inter-subchannels correlation coefficient reported in [2] is around 85%, obtained using two
microstrip patch elements arrays (2 x 2 MIMO). Thus, the orthogonal radiation properties of both
presented MIMO setups have been found to mitigate “p” considerably by about 23%, knowing that
4 x 4 MIMO generate a greater amount of independent multipath in the channel. Furthermore, the
receiving side appears less correlated than the transmit side by about 3%, implying that more local

scatters are present in the vicinity of Rz [21].

Table 4. Average transmit/receive inter-subchannels correlation coefficients and channel capacity for
various scenarios.

Array Type: CMPA BN-MIMO
Scenario: LOS NLOS LOS NLOS

Receive p* 0.65  0.41 0.62 0.3

Transmit p’? 0.68  0.43 0.65  0.34

Capacity [bit/s/Hz] 7.75 11.58 8.81 15.93

3.4. Channel Capacity Performance

The channel capacity (C') expressed in bit/s/Hz depends not only on channel multipath but also on the
total received power or, equivalently, the average SNR throughout the channel. These two factors are
usually not independent [22]. Thus, during the analysis of MIMO capacity, it is an intuitive practice
to normalize the channel H-matrices of each frequency realization before investigating the effects of
SNR and multipath as parameters. The normalized channel matrix H,, for each channel realization is

expressed as [23]:
Nt Npg
NrNp i
= (T e rle = S0 el o
F

i=1 j=1
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where ||H| r is the Frobenius coefficients matrix. Given the channel information at Rx, the channel
capacity is expressed as [23]:

C =log, {det [INR + Slj\\;—TRHnH;] } bit/s/Hz (11)
where the superscript (-)* denotes the Hermitian conjugate of the normalized channel matrix, and I is
the identity matrix. Equation (10) gives insight into the logarithmic growth of MIMO systems capacity
with respect to SNR assuming uncorrelated subchannels and that the channel state information (CSI)
is perfectly known at the receiver. In order to evaluate the multipath effect on the channel capacity,
an SNR of 10dB is assumed in Equation (10) regardless of the position of the receiver throughout the
gallery [5]. Results of Fig. 9 and Table 4 indicate that BN-MIMO yields an additional average capacity
about 1.1bit/s/Hz, 4.35bit/s/Hz for LOS, NLOS cases, respectively, as compared to CMPA-MIMO.

Thus, no matter what the undertaken scenario is, the improvement in the link throughput speed
in bit/s/Hz offered by BN-MIMO is noticeable. Compared to [5], the higher capacity performance of
the presented BN-MIMO might be due to the following reasons: (i) a greater amount of multipath is
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Table 5. BN array predominant performance over CMPA of [5].

Measurement Scenario LOS NLOS
Path Loss (PL) suppression 2.2dB 5.51dB
PL gradient (n) suppression 1.18 to 1.13  2.56 to 2.24
Signal-to-Noise Ratio (SNR) Gain 4.2dB 3.6dB
Ricean Kpgetor Gain 1.6dB 2.83dB
RMS delay (o¢) suppression 0.67 ns 3.7ns
Coherence Bandwidth (B¢) Gain 4.6 MHz 0.82 MHz
Correlation Coefficient (p)
Receiver pft® suppression 4% 11%
Transmitter p’* suppression 6% 9%
Capacity Gain 1.1bit/s/Hz 4.35bit/s/Hz

present in the channel, and (ii) a lower inter-subchannels correlation results from the precise orthogonal
radiation property of BN-MIMO.

Furthermore, under NLOS, BN-MIMO seems to offer almost twice the amount of the capacity over
the linear planar microstrip patch arrays used in [5], which might be due to the above justifications.

4. CONCLUSION

Despite the heavy multipath of underground mine, the results reported in this experimental study
confirm that the performance of MIMO systems in such environment does not depend on channel
multipath only, but also on the radiation properties of the employed antenna arrays. Due to the high
gain and orthogonal property of its radiation beams, BN-MIMO has shown an additional efficiency in
gathering a greater amount of independent channel multipath as compared to CMPA-MIMO proposed
in [5]. BN-MIMO offers a potential solution for enhancing the propagation characteristics as well as the
spectral efficiency of underground mine channels. Table 5 shows the predomination of BN-MIMO over
CMPAMIMO.
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