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Abstract— The present work features the enhancement of 

channel data rate in enclosed environments is by 

incorporating multiple- input -multiple output (MIMO) 

system. Wireless Underground Communication Networks 

(WUCNs) constitute one of the promising application areas 

of the recently developed wireless networking techniques. 

The efficiency of space-time block coding (STBC) 

technique in conventional MIMO systems improves the 

communication quality. This system investigates the data 

reliability at the receiver in term of bit error rate (BER). For 

this, the underground MIMO channel is estimated by 

sending a pilot sequence and using minimum mean square 

error (MMSE) principle on the received pilots. The resulting 

MIMO channel estimate is used to evaluate the data part in 

the STBC block and perform a decision using the maximum 

likelihood (ML) detector. Finally, both the channel and 

transmitted data estimates are given analytically, and the 

degradation of the BER performance of the system due to 

MMSE estimation errors is studied. 
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I. INTRODUCTION 

Wireless underground communication systems (WUCSs) 

have recently emerged as a new communication alternative 

to wired systems [1], which is by the limited robustness of 

the adopted wired systems to failures, their technology cost, 

their energy consumption, and the difficulty of their 

extension to some hostile parts in the underground area. The 

WUCNs consist of wireless devices that operate below the 

ground surface. These devices are either (i) buried 

completely under dense soil or (ii) placed within a bounded 

open underground space such as underground mines and 

road/subway tunnels. In the latter case, although the network 

is located underground, the communication takes place 

through the air, i.e., through the voids that exist 

underground. In this case, the WUCNs are necessary to 

improve the safety and productivity in underground mines, 

to realize convenient communication for drivers and 

passengers in road/subway tunnels, and to avoid attacks by 

continuously monitoring these vulnerable areas. The 

extraction of the path loss model may become challenging 

for atypical environments such as the ones reported in [1], 

where complex fitting functions have to be adopted. So that 

the attenuation over distance and excess path loss 

parameters are investigated in terms of curve fitting, since a 

shadow-based numerical technique cannot be employed, due 

to the nature of the topology. High data rate 

communications in underground mine channels is becoming 

of interest and the best and simplest approach to ensure this 

is by using MIMO systems. The only work which 

investigated the usage of such systems in the 

aforementioned environment and solely the capacity using 

uniform power distribution has been studied in terms of the 

distance between the transmitter and the receiver. The 

average MIMO capacity in terms of SNR can be 

investigated by two allocation schemes, namely uniform 

power and water filling. 

For data reliability in underground channels, The 

MIMO architectures should manage to increase the data rate 

at the expense of the quality of reception. This latter is 

achieved by adopting diversity schemes that exploit copies 

of the transmitted signal in time, frequency or spatial 

domains, or in a combination of them, thus yielding a 

diversity gain that enhances the bit error rate (BER) 

performance [2]. To exploit the multiple copies of the signal 

in time, frequency or spatial domain STBC technique is 

used which improves the quality of communication. The 

concept of space-time block coding (STBC) came to 

generalize the Alamouti coding scheme to any number of 

transmit antennas 

Alamouti coding scheme has been extensively used 

in conventional multiple-input–single-output (MISO) 

channels and exploits diversity in both temporal and spatial 

domains by incorporating multiple transmit and one receive 

antennas. This scheme was also to adopt a quite simple 

maximum likelihood (ML) decoding algorithm at the 

receiver [3][4], which meets the requirements of any 

practical system where the hardware complexity reduction is 

highly targeted. One benefit of incorporating these spatio-

temporal architectures with WUCS operating in 

underground MISO and MIMO channels provides both data 

reliability and acceptable rate. 

Generally, the transmitting frame consist of a data 

part and a pilot sequence. This pilot sequence in the 

transmitted frame is used to estimate the channel using the 

preliminary knowledge of pilot composition. The second 

contribution is to investigate the minimum mean square 

error (MMSE) estimation technique of both MISO and 

MIMO underground channels and study the effect of the 

availability of only these estimates on the BER performance 

as compared to the perfect knowledge of CSI [5]. 

Furthermore, analytical expressions of MIMO channel 

estimate using MMSE technique along with transmit data 

estimates after ML detection are given in the context of 

STBC considering the presence of only channel estimates. 

II. PROPOSED HYBRID SCHEME 

The transmitted frame consist of a data part which is STBC 

coded, and the pilot part is appended afterwards. The 

resulting block will be sent in two different time-slots over 

two transmit antennas, thus providing space-time diversity. 

The received part corresponding to the pilots is exploited to 

estimate the channel. Even though several channel 
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estimation techniques were considered in the literature, 

MMSE technique was retained herein to instantaneously 

estimate the channel variations because of its averaging of 

the effect of the noise, low complexity, and its offered 

performance. It is assumed that the channel is constant over 

the whole frame, i.e., the same channel values as the ones 

estimated are considered for the data part. The data part of 

the received signal is STBC decoded, then detected using 

ML receiver. The processing is repeated for each frame, and 

finally the overall BER is evaluated [1]. Let us denote the 

predetermined pilot sequences in the transmit symbols si as 

pi , and let us assume that they comprise symbols from the 

whole frame length, i.e.  

                 pi  = ( pi,1, pi,2,……, pi, k )                (1)    

where the index ‘i’ corresponds to the transmit 

antenna. Then the signal received at the jth antenna element 

pertaining to the pilot part is written as  

            rj(t)=∑ ℎ𝑗,𝑖 𝑝𝑖
𝑀𝑇
𝑖=1 (𝑡) + 𝑛𝑗(𝑡)               (2) 

where hji is the spatial subchannel, which is 

corresponding to the complex- valued fading coefficient 

between the ith transmit antenna and thej th receive antenna, 

where j = 1, 2 , 3 ………., Nr and Nr the total number of 

receive antennas. nj(t) is the additive white Gaussian noise 

(AWGN), which is a random variable with unit variance and 

zero mean. To estimate the generated subchannels from the 

different transmit antennas, MMSE estimator is used at each 

receive antenna. . MMSE estimator minimizes the average 

estimation error on the transmitted pilot symbols and it 

estimates the subchannel hji which is carried out at receive 

elements, one at a time can be represents using the following 

expression: 

      ℎ̃𝑗,𝑖 =  
𝑟𝑗𝑝𝑖

‖𝑝𝑖‖2                                       (3) 

Considering the transmission of the data part of the 

frame using STBC scheme. After submitting the original 

data to an M-array modulation, the encoded data is given to 

a serial-to-parallel converter and  it is divided into two data 

streams corresponding to the transmit time-slots t1 and 

t2.When using a G-block, the data is encoded as  

 𝐺2 =  [
𝑠1̇ −�̇�2

∗

𝑠2̇ �̇�1
∗ ]                                   (4) 

where s1 and s2 are the successive data symbols 

transmitted over the two transmit antennas, and (∗) stands 

for the conjugate of the transmitted data symbols. The 

columns in equation (4) correspond to the time-slots, while 

the rows correspond to the transmit antennas. Therefore, the 

transmitted signal at the first time-slot is 

 �̇�(1) =  [
𝑠1

(1)̇

�̇�2
(1)

] = [
�̇�1

�̇�2
]                             (5) 

Whereas, the second column of G2 is the 

transmitted signal at the second time-slot. The pilot part is 

then appended to the data part in the frame. Then, the 

reverse operations of the transmitter are carried out on the 

data part of the received signal. Thus, the data is STBC-

decoded, and then a hard decision is applied on it using the 

ML detector, then it is parallel-to-serial converted and 

finally demodulated. It follows that the received signal at the 

jth receive antenna in the lth time-slot can be represented as  

       𝑟𝑗
(𝑙)(𝑡) =  ∑ ℎ𝑖𝑗

𝑀𝑇
𝑖=1 �̇�𝑖

(𝑙)(𝑡) + 𝑛𝑗
(𝑙)

              (6) 

The receiver uses the sub channels estimated from 

the pilot part and the estimates of the transmitted data 

symbols s1 and s2 are obtained after STBC decoding as 

�̃�1 = ∑ ∑ |ℎ̃𝑖𝑗|
2𝑁𝑟

𝑗=1
𝑀𝑇
𝑖=1 𝑠1 + ℎ̃1𝑗

∗ 𝑛𝑗
(1)

+ ℎ̃2𝑗𝑛𝑗
∗(2)

 (7) 

   �̃�2 = ∑ ∑ |ℎ̃𝑖𝑗|
2𝑁𝑟

𝑗=1
𝑀𝑇
𝑖=1 𝑠2 − ℎ̃1𝑗

∗ 𝑛𝑗
(2)

+ ℎ̃2𝑗
∗ 𝑛𝑗

(1)
 (8) 

 
Fig. 1: Performance comparison of perfect underground 

channels. 

At ML detector, the following decision criterion is used: 

       𝑠𝑖 = min
𝑠∈𝑆

{(∑ |ℎ̃𝑗𝑖|
2

𝑘,𝑙 − 1) |𝑠|2 + |�̃�𝑖 − 𝑠|2} (9) 

III. SIMULATION RESULTS 

The BER performance of the resulting spatio-temporal 

underground system is investigated only, if the channel 

estimates are available. the impact of the diversity order on 

the BER performance is studied by comparing the uncoded, 

Alamouti and STBC systems, 2×1 in SISO, 2×2 and 

underground channels, respectively, along with the 2×2 

Rayleigh channel.  

 
Fig. 2: Performance comparison of underground channels. 

 
Fig. 3: Performance of imperfect underground channel with 

different modulation schemes. 
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For the underground channel, there is an  

increasing the diversity order by passing from 1×1to 2×1 

and 2×2 systems results in a noticeable BER performance 

enhancement. The simulation set compares the BER 

performance of the STBC scheme in the underground 

channel when only channel estimates are used and in the 

presence of perfect channel CSI with the 2×2 MIMO and  

2×1 MISO configurations. Finally, the performance of the 

MIMO antenna arrays using the STBC scheme in 

underground channel when this latter is estimated is 

investigated with different types of modulation. BPSK, 

QPSK, 8PSK, and 16 QAM modulation schemes are 

compared and found that at low SNR range, the different 

modulations exhibit the same behavior because the power of 

the signal is not sufficient to overcome the impact of the 

noise. The increase of SNR allows to improve the 

performance, and the low rate modulations outperform the 

higher-order modulations. 

IV. CONCLUSION 

In this work, for the reduction of hardware complexity, an 

experimental MIMO-STBC scheme incorporating MMSE 

channel estimator and ML detector has been proposed in the 

untypical underground mine environment, at 2.4-GHz 

frequency band. It is seen that, adopting the proposed 

MIMO system in MMSE estimated underground channels 

shows BER degradation as compared to perfectly known 

channels. Thus, the quality of channel estimation is a 

performance bottleneck and should be improved by 

appending an increased number of pilot symbols in the 

frame or by using more accurate yet complex estimation 

technique. Furthermore, it has been explained that data 

reliability can be associated with increased data rate by 

resorting to higher-order modulations in the adopted system. 

At low SNR range, it is better to opt for higher modulations 

to send an increased number of bits. Obviously, 

underground communications are for now involving low-

rate data, but this may change in future applications. When 

SNR increases, sending more bits comes at the cost of data 

reliability since the BER is degraded, and one should 

observe a compromise depending on the application and the 

affordable power. Lastly, it is suggested that the use of a 

directional antenna instead of the monopole could improve 

the performance and, hence reducing the contribution of the 

multipath components in the antenna beam. 
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