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Abstract. The aim of this paper is to prove theoretically by using waveguide and geometrical optical models 
that increasing MIMO array elements at the transmitter and receiver will have a limit on capacity where the 
equivalent spatial subchannels can be limited by the number of allowable modes. 

1 Introduction 

In confined environments such as tunnels and mines, high 
communication data is necessary for various subjects like 
ensuring safety by providing communication between 
workers anywhere, anytime. Recently, MIMO had been 
embraced by the underground mining community, which 
has received unprecedented attention due to its reliability 
and capacity compared to single antenna transmission. 
However, MIMO can be more complicated compared to 
SISO especially in waveguide like environments. In the 
free space environment, the channels are assumed to be 
uncorrelated and that because of the rich scattering 
environment, degradation of the link performance can 
occur whenever we have a correlation between fading of 
each channel, and that is the case in mine tunnel where we 
have a poor scattering environment. Before deploying the 
MIMO system, the MIMO channel should be accurately 
characterized. In small mine tunnels which have a narrow 
width, it’s not effective to deploy high MIMO antenna 
arrays, and that because of some theoretical and practical 
aspects such as channels correlation, the actual number of 
modes contributing to the power at the received signal and 
the antenna array configuration [1]. In our study, we 
consider that mines can act as tunnels in case of 
comparing them to over-sized dielectric waveguide where 
many modes can propagate [2], and this if we consider 
embracing the waveguide model, but the problem with the 
latter that it’s not efficient in the near field region, where 
the geometrical optical model (GO) can numerically solve 
the problem of the near field region by predicting the 
paths [3]. Correspondingly, work done in [4] where a new 
hybrid model is obtained, the “multi-mode model”, where 
it combines the two models. However, instead of using 
single antennas, MIMO is considered in this work, since 
Maxwell equations can solve the modes of the waveguide 
model. Hence, modal expansion theory can be used in 
tunnels and that after a successful study in [5] and [6], and 
that by considering the first modes as “quasi-orthogonal”. 
 

     In this work, we have conducted theoretical MIMO 
analysis in underground mines to interpret the effect of 
increasing antenna array elements on the system’s 
capacity. The remainder of this paper is organized as 
follows. In Section Ⅱ, a modal analysis in mine tunnels is 
introduced and we calculated the number of modes in the 
underground mine environment. In section Ⅲ, we 
discussed the relation between MIMO antenna array size 
and the performance of the system and theoretical 
validation is done to verify our claim. Finally, the paper is 
concluded. 

2 Modal analysis of lossy waveguide 
environments  

The aim of this section is to determine the number of 
modes in an oversized lossy waveguide. Subsequently, 
the number of propagation channels can be determined. 
Underground mine walls are different from that in the 
ideal waveguides, where the existing of imperfect walls. 
The modal expansion theory of the fields is complicated 
by the coupling of the basic modes by the imperfect walls 
and this is due to the boundary conditions in the walls of 
the guide which raises a fundamental difficulty in 
obtaining the modal eigenvalues and eigenfunctions, and 
this is according to wait [7]. Indeed, high order modes are 
subject to high attenuation at large distances from the 
transmitter. Hence, according to [8], we can consider 
taking the first 60 modes as “quasi-orthogonal”. In order 
to determine the number of modes, we applied the 
waveguide model to determine the mode intensities in the 
mine tunnel, while we used ray tracing to obtain the EM 
rays in the tunnel. 

2.1. Multi-Mode propagation in lossy waveguides  

Mine tunnels are separated into two regions, the near 
field, and the far field. In the cross-sectional plane where 
the transmitter is located, the antenna excites multiple 
modes where each one has different intensity and phase, 
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the high order modes are considered to be evanescent 
modes at large distances and that because of the high 
attenuation factor they have, and this attenuation results 
from impinging the walls within a grazing angle. 
Contrarily, in the far field region, only the fundamental 
modes survive and they contribute to the total received 
power at the receiver. The separation breakpoint between 
these two fields is still hard to be obtained in a direct 
manner due to the different environment shapes. 

2.2 Theoretical approach for Determining the 
number of modes  

By solving the Maxwell’s equations, the field distribution 
of each mode can be derived in the form of eigenfunctions 
as follows [5], [9]: 
 

 Where   𝜑 =
0,      𝑖𝑓 𝑛 𝑖𝑠 𝑜𝑑𝑑

        
,     𝑖𝑓 𝑛 𝑖𝑠 𝑒𝑣𝑒𝑛

                                  

 

   and      𝜑 =
0,      𝑖𝑓 𝑚 𝑖𝑠 𝑒𝑣𝑒𝑛

,     𝑖𝑓 𝑚 𝑖𝑠 𝑜𝑑𝑑
 

 
    where Arbitrary electromagnetic field inside of such a 
waveguide can be expanded in terms of the eigenmodes 
[3], [10]: 
 
               E , , = ∑ α e (x, y)e                            (2) 
 
     Where 𝑒 (𝑥, 𝑦) is the normalized modal function of 
the electric fields which are represented in (1), and  𝛼 is 
the mode amplitudes. It’s important to estimate the 
number of modes in any waveguide environment, 
obviously for underground mines it's quite complicated 
especially when high order modes start losing their 
orthogonality. We can consider calculating the amplitudes 
of the first modes by knowing the E and H fields in each 
cross-section of the tunnel. Furthermore, the only modes 
available in the waveguide are those who can have the 
same shapes in the existing fields [4], the latter can be 
obtained by ray tracing model where the mode amplitudes 
can be obtained by correlating the E field to the mode 
functions at a certain cross-sectional area 𝑍  as follows: 
 
                α =  ∬ 𝐄(x, y, z ) 𝐞𝐢(x, y) dx dy                  (3) 
 
      In order to obtain the proper number of propagating 
channels, we assume calculating only the modes which 
contributes to at least 10 % of the total received power, in 
this way we will avoid taking the evanescent modes as a 
real propagating channel. For instance, determining the 
number of modes in an ideal rectangular waveguide can 
be much simpler, where the maximum number of modes 
existed in a certain cross-section can be calculated by 
knowing the cross-sectional area and the frequency as 
follows: 

                             𝑁 ≈                                         (4) 

 
     Where 𝐴  is the area of the rectangular cross-section. 
Correspondingly, only the number of orthogonal modes 
can determine the degrees of freedom of the system [9]. 
According to (4), we can set the maximum degrees of 
freedom of a certain environment by considering taking 
the minimum number of orthogonal modes within the 
desired area of interest where the implantation of the 
wireless system will take place.  

2.3 System model and theoretical validation 

Wireless InSite’s ray tracing capability has been used to 
set up a small underground old gold mine scenario located 
in Val d'Or, Canada. The imported mine’s walls have 
some protrusions as shown in Fig 1. We set up two 
scenarios, which have the same height and length (H: 3.5 
m, L: 400 m) but with a different width (w1: 3.5 m, w2: 7 
m) and named as Case I and Case II.  The tunnel stretches 
over a length about 400 m and it's broken down into two 
parts with 200 m length each: a LOS part and a NLOS part 
as shown in Fig 2. The transmitting and receiving 
antennas used are dipoles which are vertically polarized 
and uses a wide raised-cosine pulse. Correspondingly, a 2 
λ separation distance must be taken between antennas to 
ensure decorrelation between the subchannels. Indeed, a 
larger separation will not necessarily work for this 
distance. In contrast, smaller separation will increase the 
correlation, a further explanation can be found in [11]. 
The carrier frequency used is 900 MHz. In Fig 2, we 
placed the transmitter array at point A, and the receiver 
points are aligned along the trajectory from point A to B 
with a 1-meter separation distance. According to the 
previous experimental work in [11] and [12], it has been 
proved that aligning the antenna array perpendicular to the 
tunnel axis will perform better than other orientations. 
Hence, we adopt this orientation in our study.  The 
configuration of ray tracing calculation is defined to use 
wireless InSite’s GPU accelerated X3D ray model, the 
model can handle arbitrary geometry and 
transmitters/receivers at any height, this accurate model 
includes reflections, transmissions and diffractions along 
with frequency dependent atmospheric absorption. 
Besides, ray tracing defined to include propagation paths 
with up to six reflections and one diffraction omitting 
transmissions to limit calculation to the outdoors.  
 

            

         Fig. 1. CANMET mine image 

         𝐸 , ≃ sin( 𝑥 + 𝜑 ). cos ( 𝑦 + 𝜑 )      

 

(1) 
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Fig. 2. CANMET Schematic. 

2.4 Results 

In Fig 3, we can interpret from the graph that the wider 
tunnel records a higher number of modes within the first 
200 m, and that’s because in this region the tunnel’s act as 
a free space environment where the lower angular spread 
in the narrowest tunnel causes a higher correlation 
between the arrays, which in terms causes deterioration in 
the received power. Contrarily, the coupling between 
excited modes at the transmitter may have a negligible 
effect on the performance in the far field region. 
Correspondingly, we can see that after 300 m, the two 
tunnels record nearly the same number of modes. 
 

3 MIMO channel characteristics in 
underground mine  

In this section, we will prove that increasing the size of 
the MIMO antenna array in tunnels will not necessarily 
increase the performance of the wireless communication 
system. The environment and measurement procedures 
used here are the same as in section Ⅱ, except that we used  
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Fig. 3. Mean number of modes in CANMET for Case I and Case 
II. 
 

Case I measurements. In addition, we considered taking 
2×2, 4×4 and 6×6 MIMO antenna arrays to examine the 
power and capacity of each system. 

 

3.1 MIMO capacity 

 

If we consider taking M×N memoryless MIMO system, 
the maximum capacity without water-filling and in the 
presence of white Gaussian noise is given by Foschini et 
al. 

              C = log det(I +  σ. HH )  𝑏𝑖𝑡𝑠/𝑠/𝐻𝑧           (9) 

Where 𝐼  represent the identity matrix; H is the channel 
matrix, and 𝜎 represents the SNR of each antenna. The 
channel capacity can be expressed in terms of the singular 
values of the matrix as follows: 

                              C = ∑ log (1 + λ )                         (8) 

For H=I, and for identical number of antennas at the 
transmitter and receiver N, we can represent MIMO 
capacity in (6) where the maximum capacity is achieved 
for independent subchannels as follows [9]: 

                              C = N det(1 + σ)                            (7) 

From these equations, we can interpret that improving the 
system’s capacity will undoubtedly depend on the number 
of antennas and the SNR. Hence, we assumed taking a 
constant SNR, thus we used Euclidean norm to normalize 
the complex H matrix. When constant SNR is assumed, it 
allows emphasizing the effect of channel change on the 
correlation and thus the change in path loss with distance 
is removed. 

 

3.2 Theoretical approach 

Low capacity can occur in MIMO even when we have 
zero correlation between the signals. This is the case of 
degenerated channels. For MIMO, the wireless channel 
can be represented as a matrix of the fading channels with 
additive noise. 

 

                                  𝑦 = Hx + w                                   (8) 

 

Where y is the received signal array, x is the transmitted 
signal and w is the additive white Gaussian noise. From 
Foschini et al MIMO capacity formula, we can realize that 
the channel capacity depends on the channel matrix H. 
The fading channel H is decomposed by singular value 
decomposition (SVD), Correspondingly, the wireless 
system can be represented as follows: 

 

                               y = UΣV x + w                                   (9) 

 

after performing precoding to (9), the system now can be 
decomposed into many propagation channels. Indeed, as 
was proposed by Loyka, that individual waveguide modes 
can act as MIMO propagating channels. In an ideal 
waveguide, the modes are considered orthogonal if the 
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mode coupling factor is represented in the following sense 
[loyka]: 

 

                                ∬ 𝖾 𝖾  𝒹x𝒹y = 𝛿                         (10) 

 

Where 𝖾 (x, y) is the normalized modal functions of the 
electric field. For mine tunnel environment, the 
orthogonality is still applied for the first 60 mods, where 
the mode coupling factor is considered to be neglected [3]. 
Accordingly, spatial multiplexing can be applied. 
Besides, if we have an M×N MIMO system we must have 
𝐿 ≥ min (𝑀, 𝑁) to profit from this technique. Where L is 
the number of active modes [8], [5].  

 

3.2 Results discussion 

As shown in Fig 5, the power received by 4×4 and 6×6 
MIMO systems is nearly the same, the reason is that in the 
near filled region, the excited modes forms about 60 % of 
the total power contributed at the receiver, where the first 
3 modes form only 5 %, the remaining power is 
distributed within the medium modes. In the near field 
region, the signal drops fast and we can analyze a big 
fluctuation wherein the far field region the fundamental 
modes now form 90% of the total power, obviously we 
can analyze a drop in the attenuation rate in the NLOS, 
the breakpoint can be analyzed visually after 130 m and 
that by analyzing a periodic signal. We can analyze that 
the performance of high orders MIMO are not as we can 
expect in the free space, because the fundamental modes 
which are orthogonal to each other are smaller than the 
propagation channels. Furthermore, if we consider taking 
higher frequencies, we expect to have a less attenuation 
drop but we don’t expect improvement in the capacity 
with increasing the number of antennas.  

   In Fig 5 and Fig 6, we can analyze that the capacity of 
2×2 and 4×4 MIMO systems are nearly the same and in 
sometimes they exceed the capacity of the 6×6 MIMO 
system, and this is the situation where the degrees of 
freedom of the system is reduced with distance and it 
became less than the available transmitting channels. We 
can expect that 6×6 MIMO can perform better in Case II  
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Fig. 4. Power versus distance between different MIMO systems. 
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Fig. 5. Capacity versus distance between different MIMO 
systems. 
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Fig. 6. CDF capacity between different MIMO systems 

 

tunnel compared to 4×4 MIMO.  In brief, if we have M×N 
MIMO system we must have 𝐿 ≥ min (𝑀, 𝑁) to profit from 
this technique. Where L is the number of active modes [9] 
[12].  

4 Conclusion and future work  

MIMO capacity of mine tunnel has been discussed in this 
paper, a channel model which can calculate the EM field 
in the near and far field region is used to prove that in 
order to profit from the spatial multiplexing of the MIMO 
system we must have a number of antenna arrays which is 
equivalent to the number of modes at the receiver. 
Otherwise, MIMO improvement will be limited. 
Furthermore, the maximum number of active modes can 
be expected in each cross-section, orthogonality must be 
maintained between the modes in order to consider them 
as propagating channels. In addition, High antenna array 
size MIMO systems cannot be efficient in narrow tunnels, 
especially in the far-field region. If we want to extend this 
study a mode expectation analysis for a defined tunnel 
shape will be crucial to expect the number of MIMO 
antenna array. In addition, the antenna position must be 
taken under consideration as it can change the intensities 
of the excited modes at the transmitter. 
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