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Abstract

:

Single-sideband (SSB) modulation through Hilbert transformation has successfully transmitted data using only half the bandwidth of the traditional scheme for the same amount of contained information. Toward this end, the four single-sideband (4-SSB) approach for high order modulation is a promising approach for the next-generation communications by applying soft-input soft-output (SISO) equalizer algorithms over orthogonal frequency division multiplexing (OFDM). However, OFDM is challenging for realizing the feasible 5G communications, compared to the emerging techniques, e.g., non-orthogonal multiple access (NOMA), orthogonal multiple access (OMA) or multiple-input multiple-output (MIMO). Since the 4-SSB is an orthogonal modulation which was successfully applied over the traditional OFDM, in this article, we propose a novel 4-SSB modulation scheme over OFDM Guard Interval (GI) and massive MIMO. Besides the carrier signal, from the receiver side, we also apply the shadow equalizer algorithm in the uncoded and coded environment using turbo codes to achieve the 4-SSB with high efficiency from low complexity and energy consumption for 5G. The evaluation results validate that our system consumes lower energy due to low complexity gained from same number of iterations without the heavy decoding as of the 4-SSB SISO based on the turbo equalizer. In addition, the 4-SSB over the OFDM GI achieves the best performance among the relevant approaches conducted in 4-SSB. The proposal then acts as a practical communication system designed to solve the inter-symbol interference (ISI) induced by additional Hilbert transform in the wireless environment toward fifth generation (5G), given that turbo code is considered as a potential channel coding scheme for 5G radio specification.
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1. Introduction


The fifth generation (5G) technology is about to be launched soon to match the user demand and various requirements of future wireless communications [1]. Besides the machine type communications for ultra-reliability and low latency, enhancing mobile broadband is considered as a main research topic toward the next-generation communication network for 5G [2].



In this context, information-centric network (ICN) is regarded as a promising future Internet design with the key innovative features including in-network caching and name-based forwarding to improve the network efficiency [3]. However, by default, ICN requires caching-enabled routers which consume higher power compared to the traditional host-to-host architecture as analyzed in our previous work [4,5,6]. Also, the original forwarding strategy in ICN, leave copy everywhere (LCE), produces high cache redundancy that discourages ICN feasibility for the real-world deployment [7].



Different attempts were then made to realize the new modulation spectrum with high efficiency for next-generation communications. Particularly, orthogonal frequency division multiplexing (OFDM) is used in 4G to increase the modulation capacity and feed multi-user synchronically. For 5G, the modulation is usually conducted in non-orthogonal multiple access (NOMA) and orthogonal multiple access (OMA) to realize the feasible alternative modulations [8]. Another potential research trend in 5G is to improve the OFDM scheme by adjusting its structure to fulfill the requirements of 5G such as guard interval discrete Fourier transform and spectrally-preceded OFDM, namely GI DFT-s-OFDM and SP-OFDM, respectively [2,9].



The four single-sideband (4-SSB) [10,11] is another notable work in OFDM which has an advantage of sending double the amount of similar information using only half of the bandwidth compared to other OFDM modulations. The 4-SSB technology can be extended by using a Hilbert transform which allows the generation of the single-sideband (SSB) from different types of modulation like phase shift keying (PSK), quadrature phase shift keying (QPSK), and quadrature amplitude modulation (QAM). However, to the best of our knowledge, this innovative idea of using the SSB technique has not been applied for 5G communications.



Toward this end, we have investigated how QAM modulation can allow a communication system to improve the data rate to match 5G requirements [12]. Hence, in this research, we aim to increase the communication bandwidth by moving toward the combined 4-SSB signals generated from two symbols of QAM. This proposal then can increase the spectrum efficiency through QAM by applying the novel idea of 4-SSB in multiple-input multiple-output (MIMO).



The proposal complexity can be minimized by redesigning the receiver side, particularly in the equalizer. Typically, we apply a new algorithm in the 4-SSB system, called shadow equalizing. By simulation, the new design demonstrates the low complexity by removing the process of the decoder and interleaver in iteration loops needed for the turbo equalizer. This process also refers to low energy consumption by ascending hardware component in the receiver side [13]. In our prior research [12], we successfully transmitted 16-QAM and 64-QAM through an additive white Gaussian noise (AWGN) environment and multiple path fading channels. The evaluation results show that the M-QAM 4-SSB OFDM can increase channel capacity and data rate. Thus, SSB modulation is a promising candidate to improve efficiency in the 5G network.



Currently, most studies have applied SSB modulation for fiber optics to enable high-speed data rate and increase capacity [14]. However, they also verify that the intersymbol interference (ISI) is the critical issue in SSB-based modulation for the wireless channel. Along this line, our proposal aims to increase the capacity of SSB by compensating ISI in uncodec and codec system using turbo codes, given that turbo code is considered as a potential channel coding scheme for 5G radio specification within Verizon’s 5G Technology Forum (V5GTF) [15].



Overall, in this paper, we propose a new modulation communication scheme using 4-SSB over modulated techniques including OFDM and MIMO to improve the channel capacity and data rate of the communication systems towards 5G. To achieve this goal, we develop a shadow minimum mean square error (MMSE) equalizer for the 4-SSB modulated systems to diminish the system complexity. We then verify the system design under both uncoded and coded environments using turbo codes following the 5G specification document as a practical contribution toward feasible massive MIMO (m-MIMO) system implementation. Typically, we investigate and propose an enhanced mobile broadband scheme by addressing the challenging requirements in 5G through potential architectural design including the application in m-MIMO and new modulation spectrum for highly efficient communications with low cost and low complexity at the same time.




2. Related Work


The single-sideband (SSB) is sensitive in wireless communications due to the high ISI caused by the wireless environment. Thanks to the Hilbert transformation, it is feasible to generate the SSB signal from different types of modulation, e.g., PSK, QPSK, and QAM. However, for simplicity, the previous SSB-based researches are mainly applied in QPSK for increasing channel capacity. The result showed the successfully transmitted signal which compensates the ISI by using the turbo equalizer algorithm called widely MMSE estimation. The limitation of this approach is that the turbo equalizer is only used for QPSK then performance and feasibility are degraded in multipath fading channel because of the ISI increase [16].



A notable research investigated the increased capacity by combining four single-sideband (4-SSB) QPSK [10]. This technology can double the amount of information by sending two QPSK symbols compared to the traditional SSB QPSK. Thus, undoubtedly, it increases the number of required SSB signals using additional Hilbert transform applied to make ISI. To solve this issue, the authors also applied the turbo equalizer to deal with QPSK modulation for the enhanced efficiency.



The prior SSB-based researches are applicable in second generation (2G) and third-generation (3G) wireless technology. Besides, the research of QPSK 4-SSB using OFDM channel proves that the 4-SSB is applicable in fourth generation (4G) [11]. It also can be applied in the multipath fading channel by using the widely linear MMSE equalizer. The extension of this research is applying inter-canceller to improve the 4-SSB bit error rate efficiency. Currently, there is a need to apply the new idea of 4-SSB for the 5G wireless technology, but the existing researches mainly use turbo equalizers in QPSK.



Typically, the research on 4-SSB M-QAM modulation using soft input soft output (SISO) equalizer over OFDM was proposed for increasing high data rate and capacity [12]. The researchers applied a new turbo equalizer algorithm for high order modulation. The evaluation results showed a consistent performance in AWGN and fading channel. However, we need to decrease the receiver complexity without losing orthogonality for the practical applications in 5G, e.g., MIMO system [17].



To do this, the complexity was reduced by applying the shadow area constraints of QAM using multiple feedback successive interference cancellation with shadow area constraints (MF-SIC-SAC) [13]. Shadow equalizer is a type of equalizer which uses shadow area constraint (SAC) to evaluate the quality of decisions and avoid unnecessary multiple feedback procedures for reliable estimations. This algorithm feeds multiple candidates for symbol estimation. However, a reduced symbol candidate’s decision is still required for realizing low energy and complexity in the equalizer.



The guard interval discrete Fourier transform spread OFDM GI DFT-s-OFDM, and spectrally-preceded OFDM SP-OFDM are feasible candidates of OFDM technology to be applied in 5G [2,9]. The evaluation results of 4-SSB OFDM in uncoded environment showed good performance compared to traditional OFDM thanks to the high bandwidth efficiency from the feature of SSB-based modulation. However, decreasing bit error is required for high efficiency of bandwidth usage and efficient equalization algorithm. Also, we apply turbo code with interleaver parameters as defined by V5GTF for the 5G radio specification [15] in 4-SSB. Our proposal then investigates and proposes the system design with high bandwidth efficiency and low complexity which implies the low energy consumption of the communication systems.




3. 4-SSB System Design


3.1. Introduction to Single-Sideband Modulation


In general, the single-sideband (SSB) [18] is extracted from the double sideband (DSB) which contains two sidebands: the upper sideband (USB) and lower sideband (LSB). Both contain the complete information of the original baseband signal. The SSB modulation only requires half of the signal bandwidth. In Figure 1, without loss of generality, let x(t) be the baseband signal, then the mathematical model of two sidebands USB and LSB in the time domain can be expressed as:


xUSB(t)=12[x(t)+jx^(t)],



(1)






xLSB(t)=12[x(t)−jx^(t)],



(2)




where x^(t) is unknown and j is a complex value equal to −1.



Then, to identify x^(t), we apply the Fourier transform in one sideband of SSB with the opposite sign as follows:


XUSB(f)=X(f)U(f) =12X(f)[1+sgn(f)] =12X(f)+12X(f)sgn(f),



(3)




where U(f) is a step function in the frequency domain.



We observe the Fourier transform: jx^(t)↔X(f)sgn(f). Therefore:


X^(f)=−jX(f)sgn(f),



(4)




where sgn(f) denotes a signum function in the frequency domain.



As the inverse Fourier transform for −jsgn(f) in time domain is 1πt, (4) in time domain is equivalent to:


x^(t)=x(t) ∗1πt ,



(5)




where ∗ denotes the convolution operation, i.e.:


x^(t)=1π∫−∞∞x(τ)t−τdτ.



(6)







Specifically, we apply the unit step function to define Hilbert impulse response in the time domain by using a Fourier transform. Then, we finalize the Hilbert transform model as shown in Equations (5) and (6).



The SSB signal generated by the Hilbert transform then can be expressed as:


x(t)= 12 x(t)cos(2πfct)± 12x^(t)sin(2πfct),



(7)




where fc is the carrier frequency and ± denotes the sign of two sidebands: the minus sign is for USB and the positive sign is for LSB. Also, x^(t) is a Hilbert transform of signal x(t) and the second term of the right side shows the output generated by Hilbert transform (Figure 1) where x(t) can be represented in the complex form as: x(t)= x(t)+jx^(t).




3.2. Four Single-Sideband Modulation


This section describes 4-SSB modulation model using M-QAM [10,11]. The proposed model uses the ideal Hilbert transform of the baseband signal x. The analytical mathematical model of the upper sideband generated from baseband signal x denoted as xUSB, can be expressed as:


xUSB(t)=12[x(t)+jx^(t)].



(8)







Since the lower sideband is similar to the analytical value of upper sideband but with a different sign, we can define xLSB it in the same way as of the upper side:


xLSB(t)=12[x(t)−jx^(t)].



(9)







These two expressions lay down the concept of SSB modulation which was used for generating 4-SSB modulation in our prior work [10]. Figure 2 shows the model configuration of 4-SSB in which the 4-SSB modulating expression can be illustrated by considering four independent real discrete sequences, denoted by u, v, p, and r. The Hilbert transforms of original discrete signals for the designed modulation system are also described in Figure 2.



Specifically, the combined signal is transformed by the Hilbert transform, and in I/Q modulation of two symbols, the imaginary part is decided as the result of the Hilbert transform. The 4-SSB signal is generated by these four signals corresponding to the following equation:


S4SSB=S4SSB,I+jS4SSB,Q,



(10)




where S4SSB,I and S4SSB,Q denote the In phase 4-SSB and quadrature modulation phase 4-SSB, respectively (Figure 2), in which:


S4SSB,I=u−v^+p+r^,



(11)






S4SSB,Q=−u^−v+p^−r,



(12)




where u^, v^,p^ and r^ denote the Hilbert transforms of original discrete signals.



From the previous work of 4-SSB-based modulation technique over QPSK, these equations can be applied for two binary phase shift keying (BPSK) signals or two complex modulated signals like QPSK and QAM. As a result, the two symbols d1 and d2 of the M-QAM can be represented as follows:


d1=u+jv,



(13)






d2=p+jr.



(14)







The 4-SSB signal then occupies the two-complex signal bandwidth as of d1 or d2 but carries twice amount of information. This means that the 4-SSB 16-QAM has the same information as of 64- QAM or the like for the high-order modulation.




3.3. Four Single-Sideband Demodulation


This section describes the 4-SSB QAM demodulation as defined in [11,19]. The brief process steps can be expressed as follows:


u−v^=s4SSB,I+s^4SSB,Q,



(15)






v+u^=−s4SSB,Q+s^4SSB,I,



(16)






p+r^=s4SSB,I−s^4SSB,Q,



(17)






r−p^=−s4SSB,Q−s^4SSB,I,



(18)




where s^4SSB,i is Hilbert transform of In phase 4-SSB and the s^4SSB,Q is a Hilbert transform of quadrature modulation phase 4-SSB [20].



These equations show the partial de-combination of two transmitted complex signals. The Hilbert transform tap must be equal in transmitter and receiver to ensure the quality of the transmission process. Also, it is impossible to recover two complex signals without the use of 4-SSB M-QAM demodulation. The two complex signals can be represented by the upper sideband and lower sideband before feeding into the shadow equalizer as follows:


d1,LSB=12[(u−v^+j(u^+v)],



(19)






d2,USB=12[(p+r^+j(r−p^)],



(20)




where d1,LSB denotes the lower sideband of 4-SSB and d2,USB denotes the upper sideband of 4-SSB. Typically, by defining a spectral profile of 4-SSB signal in the similar way as we did in our previous work [19]. From this, we can identify the two symbols of QAM as shown in Equations (13) and (14). After the modulation of 4-SSB, the spectra are joined as one which includes the two symbols of d1 and d2. This spectrum is defined as LSB which includes d1 in the real and imaginary part as shown in Equation (19). In the same way, we can deduce the Equation (20).





4. The Proposed OFDM Shadow Equalizer-based Scheme for Multiple-Input Multiple-Output (MIMO) System Using 4-SSB M-QAM


In this section, firstly we introduce an overview of the basic concept of the OFDM system. Then, we present the proposed 4-SSB shadow equalizer-based scheme in MIMO. Additionally, we note that the proposed 4-SSB-based modulation scheme can be applied for Internet of Things (IoT) networks utilizing multiple sensors as the distributed nodes which can collect, process, and transmit data from sampled physical signals to the connected IEEE 802.11 Wi-Fi Access Points. These distributed sensor nodes then realize a new modulated transmitter design over OFDM/MIMO at the physical layer to enable wireless sensor networks (WSNs). Typically, the sensors can be coordinated as the modulated transmitters and can be removed or added to the distributed environment as long as the constructed sub-carriers do not overlap. Also, this kind of modulated IoT sensor-enabled communication scheme can enable the modulated IoT energy saving as energy-efficient transmission schemes is a requirement for the efficient data transmission in IoT networks. Typically, the recent IEEE 802.11ah (Wi-Fi HaLow) is the latest low power wide area network (LPWAN) technique which extends the range of Wi-Fi network for the realization of IoT-based networks. IEEE 802.11ah standard supports both OFDM and MIMO modulations with high data-rate and low energy consumption at the same time. This promising approach using multiple interconnected sensors in a communication medium will be detailed in our upcoming research.



4.1. The Concept of Applying 4-SSB into OFDM


Wireless communications have become a hot research topic these days due to their huge demands in terms of throughput, quality of service (QoS) and coverage. Various techniques have been developed to improve the performance of the applicable traditional orthogonal frequency division multiplexing (OFDM). As the OFDM scheme is applied by recent wireless systems [21], this section then is dedicated to giving a brief concept of the OFDM scheme.



The transmission in OFDM based system is divided into several subsequent bits carried by different overlapped sub-channels. The sub-channel’s bandwidth is designed to make sure each sub-channel has less than the coherent bandwidth of the channel. Consequently, each subchannel will occur in flat fading so that ISI can be minimized.



The process starts by transmitting a bit sequence of information. After being mapped into Gray QAM, the two symbols of M-QAM are combined by 4-SSB modulation process from the integrated profile spectrum. Then 4-SSB M-QAM scheme is divided into N parallel streams. Each symbol stream is modulated to a set of N subscribers. An inverse discrete Fourier transform (IDFT) block is employed to transform the sub-stream into time domain signal. We denote the lth symbol on the kth subcarrier as the time signal Xl,4SSB[k], where l∈[0,∞) and k∈[0,N−1]:


xl,4SSB(t)= ℜ{1Tsym∑l=0∞[∑k=0N−1Xl,4SSB[k]ej2πfk(t−lTsym)]}.



(21)




where ℜ is real part, Tsym is the time duration of a single OFDM symbol equaled to NTS. where TS is the duration of the original symbol Xl,4SSB[k] in OFDM. fk is the frequency of subcarrier k.



After applying the 4-SSB modulation scheme on two symbols, we can obtain the x4−SSB signal as shown in Equation (21). In this way, we can transmit the obtained 4-SSB symbols by using OFDM.



The IDFT produces the discrete time-based OFDM signal at t=lTsym+nTs which can be identified as:


xl,4SBB[n]=∑k=0N−1Xl,4SSB[k]ej2πknN   for n= 0,1,2,…,N−1.



(22)







In the receiver side, the receiving continuous time OFDM symbol can be expressed by the following equation:


yl,4SSB(t)= ∑k=0N−1Xl,4SSB [k]ej2πfk(t−lTsym), lTsym<t<lTsym+nTs



(23)







Xl,4SSB can be demodulated by using orthogonal sub-carrier for low complexity where we neglect channel and White Gaussian noise from the expression:


Yl,4SSB[k]=1Tsym∫−∞∞yl,4SSB(t)e−j2πfk(t−lTsym) dt      =1Tsym∫−∞∞{∑i=0N−1Xl,4SSB [i]ej2πfi(t−lTsym)}e−j2πfk(t−lTsym) dt      =∑i=0N−1Xl,4SSB [i]{1Tsym∫0Tsymej2π(fi−fk)(t−lTsym)dt }=Xl,4SSB[k]



(24)







Then, the sampled signal is received by the OFDM symbol yl,4SSB(l) at t=lTsym+nTs with discrete time {yl,4SSB(n)}n=0N−1. Using fast Fourier transform (FFT) for the discrete time equation, we have:


Yl,4SSB[k]=∑i=0N−1yl,4SSB(n)e−j2πknN=∑k=0N−1{1N∑i=0N−1Xl,4SSB [i]ej2πinN} e−j2πknN       =1N∑k=0N−1∑i=0N−1Xl,4SSB [i]ej2π(i−k)nN



(25)








4.2. The Proposed New Scheme of 4-SSB with Low Complexity Equalizer for Compensating ISI


The quality of service (QoS) is a key network metric of a 5G wireless system, i.e., the successful transmission scheme which recovers the reserved signal in the receiver is important for measuring performance quality in the wireless environment. However, most of the current researches have focused on enabling the receiver to compensate for the effect of noise on the wireless channel. In particularly, the inter-symbol interference (ISI) is used to identify and compensate the symbol interference between orthogonal symbols in the receiver side for 4-SSB by utilizing the Hilbert transform. ISI is produced by the channel impulse response duration less than the time symbol modulation. In this context, channel coding, MIMO technology, and channel equalization are mainly designed for improving QoS performance in wireless environments.



In this research, we propose a new transmission scheme of 4-SSB with low equalizer complexity and low energy consumption. Before presenting our architectural design, we briefly present the types of equalizer category [22]: First type of equalizer is the zero-forcing (ZF) channel equalization. The main idea of forcing equalization is that the inversed channel impulse responds H−1 is used in the equalizer of the receiver side to equalize the original channel impulse response H. However, the disadvantage of this technology is increased in the implication noise, especially when the channel impulse response is very small which results in high attenuation. To minimize this effect, the MMSE equalizer is applied to improve the zero forcing equalizer performance.



The second type of equalizer is the decision feedback channel equalizer. This method of equalization includes the first equalization of zero forcing with first symbol entry which should be known to reduce the order of complexity. An advancement for providing high performance is to add coding channel by applying the convolution encoder and interleaving in transmission and vice versa in a receiver to minimize the error propagation in the receiving channel. This technique is called turbo equalizer, which is mainly designed to compensate the ISI by using an iterative algorithm. The system uses a decoding and equalizing scheme to feed the prior information and, in this way, the equalizer can be used for compensating ISI.



In our prior work, turbo equalization was applied to realize the high order M-QAM 4-SSB [12] by designing the equalizer for the soft input soft output (SISO) MMSE equalizer. The result showed that we can successfully transmit M-QAM through a variety of channel environments such as AWGN and multipath fading channel. The presented article is then dedicated to decreasing the complexity of the equalizer to be applied in the MIMO scheme.



The third type of equalization aims to decrease the complexity of the equalization which can be considered as an iterative MMSE algorithm corresponding to the principle of the shadow area. This equalization is designed to make the decision of the first symbol by estimating whether the signal is strong or weak. If it is weak, we will cancel the estimation when it is considered not close to the estimated value of the original signal to prevent the error propagation.



Then, many researches examine how to make optimal estimation with low complexity. For example, the maximum likelihood (ML) algorithm is applied for the sphere decoder (SD) [22] and lattice code [23]. However, these two algorithms produce high complexity for high order modulation when the channel is not in good condition where the signal to noise ratio (SNR) is low. For MIMO, the optimum maximum likelihood detection (MLD) shows a good performance by increasing the number of antennas, users and modulation level. In the other hand, a novel vertical algorithm, called Vertical Bell labs layer space-time V-BLAST [24], is used in interference cancellation (IC) to achieve a better performance than the prior algorithms in which the detector made by sphere interference cancellation (SIC) is affected by error propagation.



In this article, we propose the new scheme of M-QAM 4-SSB OFDM multiple feedback which is used for interference cancellation with shadow area constraints (MF-SIC-SAC). The proposal is divided into four sub-sections in the 4-SSB scheme to enable low complexity and save energy for a wide range of applicable scenarios in 5G. The research is organized as follows:

	(1)

	
M-QAM 4-SSB uncoded using shadow equalizer and its performance in terms of bit error rate (BER) over the relevant schemes including MIMO and OFDM GI (Guard Interval). Besides, we apply the proposal in codec environment using a turbo coding scheme to verify the feasibility for modulation implementation toward 5G communications.




	(2)

	
The proposed M-QAM 4-SSB over OFDM scheme using Shadow equalizer and its performance including complexity evaluation compared to previous work of M-QAM 4-SSB over OFDM using SISO equalizer.




	(3)

	
Comparing the proposed scheme to the related OFDM scheme in 5G.




	(4)

	
Applying the proposal into massive MIMO and demonstrating the system efficiency over equivalent systems in MIMO.










4.3. The Concept of Application of 4-SSB into OFDM M-QAM 4-SSB Uncoded System Using the Shadow Equalizer


In this section, we apply the multiple feedback success interference cancellation with shadow area constraints (MF-SIC-SAC). This algorithm is utilized to address the error propagation in compensating the ISI and make feedback decision using the SIC technique to test the SNR symbol as feedback. We then propose the new scheme of M-QAM 4-SSB OFDM with MF-SIC-SAC which declines the first symbol estimation using the third aforementioned equalizer type by decreasing the number of feedback symbols. The correct constellation is still allocated in the remaining feedback symbol [13].



The selective algorithm is then optimized from the set of candidate’s symbol feedbacks. This optimization algorithm is performed by selecting only one branch in the lattice tree. Consequently, this approach realizes a smart interference canceller, which is different from the hard decision of SIC or sphere decoder by searching in the optimized branch of the lattice tree to prevent from growing complexity. The shadow area constraint is also introduced to decide whether the symbol estimation is reliable or not. The feedback output is a reliable symbol whereas the non-reliable symbol will be replaced by the concentrated symbol producing by SAC.



4.3.1. System Model


The proposed system model is depicted in Figure 3. The system has two major devices in a typical communication system: transmitter and receiver. Suppose that the traditional MIMO system has NT transmitter antennas and NR receiver antennas and the number of receiver antennas generate more than that of transmitter antennas i.e., NR> NT. Firstly, the transmission scheme is fed by the independent data binary value {1,0} with equal probability. Each binary in the uncodec system then will be mapped using two parallel QAM Gray codec symbols. For M-QAM signals, the complex value is represented in the real and imaginary part of the symbol which takes value in the general set of two M-QAM proceeded by 4-SSB modulatio {±1,±3,…,±(M−1)} to produce one profile called 4-SSB M-QAM with the same bandwidth as of two symbols of QAM.



To realize a feasible approach in MIMO, we translate the system transmitter into NT × 1 vector x4−SSB,n[i]=[x4−SSB,1x4−SSB,2…x4−SSB,NT]T. This sequence of symbols is transmitted over a flat fading channel. The 4-SSB M-QAM is first demodulated by the OFDM modulation then follows 4-SSB demodulation process and sampled in the receiver with NR antennas. The received signal after demodulation process is collected in NR × 1r[i] = [r1[i], r2[i],… ,rNr[i]]T and can be expressed as:


r[i]= Hx4−SSB,n[i]+ v[i].



(26)







After the signal is sampled. The signal can be represented in the discrete-time equivalent channel which is affected by additive, zero-mean, circularly symmetric white Gaussian noise v[i] with total variance σv2. The receiver signal mathematical model is:


rn= ∑l=0Lhlx4−SSB,n−1 + vn,



(27)




where the set {hl} denotes the L+1 coefficient of the discrete time equivalent model. In MIMO, the element hnR,nT of the NR  × NT channel matrix H denotes a complex channel gained from the nTth transmitted antenna and nRth with receiver antenna. For simplicity, we consider the H complexity corresponds to the optimized ordering. The arrangement is denoted as norm function ‖H1‖,‖H2‖,…,‖HNT‖ where (Hn) represents the nth column of H.




4.3.2. The Proposed 4-SSB M-QAM MF-SIC-SAC Scheme Design


The proposed system consists of three algorithmic categories. We first introduce the general SIC scheme. Then we explain the branch of MF-SIC. The MF structure requires additional computational complexity. However, shadow concentration is designed to decrease the complexity of the system. The process is made by design of reliable and non-reliable symbol [13].



In general, the conventional SIC algorithm is used in the MMSE filter as NR × 1 filter vectors corresponding to all the antennas. The function of MMSE is to estimate the symbol by making the candidate symbol as null or successful cancellation for perfect optimized detection. The stream of the antenna is denotes as d^i,SSB,n[i]=[d^i,SSB,1d^i,SSB,2…d^i,SSB,NR]T where the receiver d^ is an estimated symbol of 4-SSB. The SIC algorithm of the estimated symbol is expressed as follows:


d^i,SSB,n[i]=Q(wnH d˘i,SSB,n[i]),



(28)




where the Q(.) function denotes the hard slice function of the receiver symbol which is summarized in the following conditional equation:


d˘i,SSB,n[i]=di,SSB,n[i],n=1,d˘i,SSB,n[i]= di,SSB,n[i]− ∑k=1n−1(H)kd˘k[i],            n≤ 2,wn= (H¯nH¯nH+ σ2I)−1(H)n  



(29)




where H¯nH denotes the represented matrix with columns n, n+1,… NT of H. d˘n is the receiving symbol of the 4-SSB post-demodulation process. This symbol is obtained after the constellation of the previously detected (n−1) symbols.




4.3.3. The MF-SIC in 4-SSB Scheme


The proposal of MF-SIC is 4-SSB in shown in Figure 4.



The two symbols enter the MMSE to decrease error estimation so that the candidates of symbol detection can be reflected. Without the loss of generality, we represent the process through the pseudocode algorithm of MF-SIC-SAC [13] as in Algorithm 1. The system starts by detecting each data stream d^1,d^2,…, d^NT which can be obtained in each stage. The constellation is located within the shadow. The algorithm of soft decision d˜n[i] = wnH d[i] is applied to check the decision of symbol is reliable or non-reliable as follows [13]:

	(1)

	
Reliable Decision: if the algorithm of SAD considers that the symbol d^n[i] is reliable, the function of hard slice decision is used for both data stream for the hard decision as well as the cancellation function for the next symbol. The conventional in SIC algorithm will match hard slice decision as follows:


d^n[i] = Q(d˜n[i])



(30)








	(2)

	
The symbol is decided as non-reliable if the previous exhaustive decision is non-reliable. Then several candidate’s vectors are generated, and the aforementioned conventional SIC will decide the candidate’s symbol as minimal as possible for saving energy saving. Algorithm 1 selects which candidate symbol is the nearest one to the original symbol.











	
Algorithm 1. The Algorithm of MF-SIC-SAC in 4-SSB domain.




	
   Initialization of MMSE filter:




	
1

	
 wn= (H¯nH¯nH + σ2I)−1(H)n, n= 1,…,NT




	
2

	
  for n= 1 to NTdo




	
3

	
      d˜n= wnHdn




	
4

	
      If d˜n∈ Shadow Area




	
5

	
          z˜n= [ c1, c2, …, cM]T




	
6

	
          for m=1 to Mdo




	
7

	
              for j= n to NTdo




	
8

	
                  d^j,m= dˇn − (H)n (z^n)m




	
9

	
                      −∑p= n+1j−1(H)pbp,m




	
10

	
                  bj,m= Q(wjHd^j,m)




	
11

	
              end for




	
12

	
          end for




	
13

	
          bm= [b1,m,…,bNT,,m]T




	
14

	
          mopt =argmin 1≤m≤M‖di,SSB,n−Hbm‖2




	
15

	
          d^n= (z^n)mopt 




	
16

	
      else




	
17

	
          d^n= Q(d˜n)




	
18

	
      end if




	
19

	
      dˇi,SSB,n= di,SSB,n − ∑k=1n−1(H)kd^k




	
20

	
  end for







Particularly, the selection algorithm is used to choose the best candidate symbol in 4-SSB. The procedure has two steps. First, multiple feedback (MF) is generated. As shown in Figure 4, the MF algorithm is applied after SAC makes the non-reliable decision.



To optimize the symbol candidate in the first iteration, we select the nearest M constellation points by the soft decision of MMSE filter d˜n[i]. This filter is defined as the function of multiple feedbacks as the following expression:


ℒ= MF(d˜n[i])



(31)







The constellation of the M-QAM symbol candidates can be represented by the subset of ℒ=[ c1, c2, …, cM]T⊆ A. The nearest M constellation refers to the signal to noise ratio (SNR) as a higher value of SNR implies a smaller value of M.



In Algorithm 1, we also introduce a new factor called z^n[i] which is represented by M x 1 vectors. The output of MF generates a nearest constellation of symbol candidate represented by:


z^n[i]= [ c1, c2, …, cM]T



(32)







This stage is significant to make the decision feedback optimal. The previous step of MF-SIC is to prevent the system from making error propagation.



The second step is for the candidate symbol. In this step, the objective is to select optimal candidates from the symbol z^n[i]. Let bm denote a new vector symbol of the optimal candidates with the range of 1 ≤m≤M.



As each bm represents mth candidate in each n to NT stage of processing, the candidate vector symbol is expressed by the following transform matrix:


bm[i]= [d^n[i],…,d^n−1[i], bn,m[i],…,bj,m[i],…,bNT,m[i]]T.



(33)







This vector value is filtered by the MMSE filter described as follows:


bj,m= Q(wjHd^j,m[i]),



(34)




where d^j,m denotes the cancelled receiver feedback vector in the mth stage. The reason of applying MMSE vector is to decrease of the complexity of the system:


bm= [b1,m,…,bNT,,m]T.



(35)







The algorithm then selects the optimal feedback corresponding to the following constraint:


mopt =argmin1≤m≤M‖di,SSB,n−Hbm[i]‖2,



(36)






d^n= (z^n)mopt.



(37)








4.3.4. The Constraint of the Shadow of M-QAM


Figure 5 represents the shadow constraint in 4-QAM.



The shadow area has distance d with the original MF algorithm. However, the main difference between the development of decision feedback and the SAC is the feedback representation. Specifically, when the feedback is zero, the error propagation will be increased. SAC avoids null feedback by applying the shadow distance to determine the probability of soft decision as the following equation:


d˜n[i]= wnHdn[i].



(38)







The system avoids the null feedback by generating MF to minimize the error burst.



In general, QAM constellation can be determined since d˜n refers to reliability rated from shadow distance d [13]:


{[ℛ[d˜n]−ℛ[aK,n]]>d/2[ℑ[d˜n]−ℑ[aK,n]]>d/2.



(39)







The high SNR means low complexity as we aim to get the best case for estimating symbol. The remaining part of the equation is [aK,n] which is the constellation point of M-QAM with the nearest soft decision of dˇn= wnHdn[i] in the nth layer:


aK,n = arg minak∈ A‖wnHdˇn[i]− ak‖2, k=1,…,C.



(40)










5. Performance Evaluations and Discussion


5.1. M-QAM 4-SSB Uncoded System Using Shadow Equalizer Evaluation and Complexity Analysis


5.1.1. Complexity Analysis


The equalization problem can be seen as an iterative MMSE algorithm based on the shadow area principle. As N is the frame length, the first iteration includes the computation of a matrix inversion with the complexity of order N3. For the other iterations, the complexity order is about (N−ni)N2 where ni is the number of symbols considered as reliability over the iteration i. Therefore, the total complexity is about O(N3) dominated by the complexity of the first iteration.




5.1.2. Performance Evaluation


Figure 6 shows the 4-QAM 4-SSB shadow equalization iteration performance compared to the equivalent scheme in uncoded system.



Overall, the 4-QAM 4-SSB OFDM performance can reach SNR efficiency close to equivalent amount information as of 16-QAM after the fifth iteration as verified in our prior work in 4-SSB [11]. However, the 4-QAM OFDM performs worse than 4-QAM 4-SSB because OFDM scheme carries less amount of bit compared to 4-SSB.



Specifically, the iteration process in 4-QAM 4-SSB shadow initially estimated by dˇn since no previous symbol is available with the steady tendency of SNR. In the second iteration, the first estimation is fed as the previous symbol and the (n−1)th iteration is slightly improved compared to the first iteration. In the third iteration, the symbol has good SNR for estimation which is equivalent to 16 QAM-OFDM performance by 20 dB SNR. Similarly, the fourth iteration is equivalent to bit error rate of 16-QAM till 25 dB SNR. In the last iteration, the 4-QAM 4-SSB has the peak efficiency of bit error rate as it can achieve bit error to 10−3 at 25 dB SNR but the equivalent scheme of 16-QAM OFDM still performs better with the same SNR. The red line demonstrates the performance of constellation of 4-QAM modulation over OFDM.



Besides, to verify the efficiency of the proposal for practical deployment, we take turbo code as a classical coding approach for the transport channel, and we fix the Mean Square Error (MSE) value as 10% for the equalizer’s channel estimation used by equalizer to model imperfect equalizer [11]. Specifically, in Figure 7, we compare the BER performance of different modulation schemes in the coded case using turbo code with comparable information data-rates.



We show that the coded 16-QAM with code rate R = 1/2 outperforms the other modulation schemes; however, it also represents the lowest spectrum efficiency with only two information bits per channel use. In contrast, the 4-SSB 16-QAM (R = 1/2) and 64-QAM (R = 2/3) modulation schemes represent the same bit rate with four information bits per channel use, and the evaluation result demonstrates that after SNR = 25 dB, the 4-SSB 16-QAM outperforms the 64-QAM by achieving a gain of 3 dB at BER = 10−3.





5.2. M-QAM 4-SSB Uncoded System Using Shadow Equalizer Evaluation and Complexity in Massive MIMO


The MIMO system is key to modern wireless technology toward 5G. The main goal of MIMO application is to realize the diversity and spatial multiplexing. Diversity enables the system to achieve robust communications through transmission with an independent channel. In the other hand, the spatial multiplexing can save energy consumption by increasing the data rate and efficiently use bandwidth. Specifically, different from single antenna systems in multipath channels, the data rate and capacity of a channel in MIMO are significantly improved by using multiple receive and transmit antennas. Also, MIMO-based wireless communication systems can enable higher data-rate with less required transmission energy under the same throughput requirement compared to the single-input single-output system [25].



In our proposal, the 4-SSB M-QAM performs slightly close to the performance of 16 QAM over the OFDM scheme. However, the 4-SSB M-QAM with shadow equalizer decreases the SNR compared to the previous scenario as we apply both the equalization and massive MIMO. This efficiency is demonstrated after 20 dB SNR. In the other hand, the 4-QAM OFDM has good performance because it carries only two bits (Figure 8).



Figure 9 shows the performance evaluations of our 4-SSB-based proposal and other relevant MIMO schemes in which the Rayleigh channel model is applied for the multipath fading channel environment.



In this channel, the quadrature modulations of 4-QAM and 16-QAM over OFDM applied in 4-SSB are sensitive to the residual phase error, resulting in distances in quadrature-order modulation. The uniform distribution of data sources mapped by QAM Gray coding and the large number of Hilbert transform filter tabs in 4-SSB M-QAM can be approximated as a complex Gaussian distribution. Additionally, the different types of QAM Gray coding of symbols are bit mapped very close to one another. However, we still can obtain sufficient spectral efficiency.



Next, we consider a more realistic MIMO scenario by showing the impact of the channel correlation. Particularly, we adopt a spatially correlated MIMO fading model using the Kronecker product model [26]. This model assumes the fading statistics of the transmit and receive antennas are independent. The correlation matrices are then computed based on the Bessel distribution correlation and the distance between antennas. In Figure 10, we take the distances between antennas as d = 0.3λ. As the effect of the channel correlation is examined for the uncoded case, we show that the same results can be obtained in the case of non-correlated Rayleigh channel.



Finally, we apply 4-SSB using shadow equalizer in OFDM-GI as a new modulation to match the 5G requirements. Specifically, the discrete Fourier transform spread OFDM-GI (DFT-s-OFDM-GI) replaces cyclic prefix (CP) instead of the Guard Interval. In addition, the OFDM-GI can choose the time duration in a flexible way. Typically, this improves the performance of 4-SSB by using additional Hilbert transform for symbol generation. Hence, the Hilbert transform induces delay by 90 degrees, i.e., ISI is increased as well. Figure 11 shows an interesting result by investigating the evaluation history of 4-SSB.



First, 4 bits in 4-QAM 4-SSB performs close to 2 bits of 4-QAM after 35 dB SNR. The remaining evaluations show that the proposal can reach Shannon boundary in the codec system since it performs well under the harsh condition of the uncoded environment.





6. Conclusion and Future Work


In this article, we propose a new modulation which enables high data rate with low complexity for efficient communications toward 5G and beyond. To make the proposal feasible for the 5G communication network, we take into consideration both the receiver and carrier signal to improve the overall system performance. For this goal, we investigate various modulation schemes and identify the best modulation and transmission scheme using 4-SSB by analyzing the system BER performances under different subcarrier settings to verify the feasibility of the system design.



Firstly, we transmit the signal through the uncoded system to minimize the effect of ISI in AWGN and fading multipath channel. The approach of 4-SSB using shadow equalizer can efficiently decrease the complexity of receiver by removing the iterative turbo equalization and decoding process required in a traditional 4-SSB SISO equalizer. In addition, we apply the proposal using turbo coded transport channels with the interleaver parameters as suggested by the V5GTF’s 5G specification regarding multiplexing and channel coding to verify the efficiency and enable the feasibility of the proposal at the same time.



Next, we apply the 4-SSB in massive MIMO to serve the huge demand of the user and enable data rate in the 5G network. The evaluation results demonstrated that the proposed system performs well in the case of 64 × 64 MIMO and 32 × 32 MIMO under the AWGN and Rayleigh channels. We also apply the correlation Rayleigh to realize a realistic scenario in the ideal case toward 5G communications. Typically, we show the improved performance of the proposal over 64-QAM with coding rate 2/3 when using Turbo code for the coded environments. Besides, we achieve the lowest value of SNR in OFDM-GI.



To enable a complete modulation scheme in various environments toward 5G, handling the Doppler effect and mobility will be our focus points in future work. Also, besides turbo code, we have the plan to conduct the proposed 4-SSB modulation scheme with other promising source coding techniques for 5G implementation, including Polar code with successive cancelation list and linear BLOCK error correction code, and low-density parity-check code (LDPC) with sum-product and linear error correction code. In addition, we will conduct the evaluations using sensors to verify the efficiency of the proposal for the feasible network deployment as a practical fulfillment of massive machine-type communications over MIMO for the next-generation wireless communication systems. Also, as the collected data at all sensor nodes can be interleaved, the effect of fading between the access points and each modulated sensor node can be diminished with increased data rate for various radio applications in IoT sensor-enabled communications.







Author Contributions


Conceptualization, M.M.A., Q.N.N., and G.-I.O.; Data curation, M.M.A.; Formal analysis, M.M.A. and Q.N.N.; Investigation, M.M.A., Q.N.N., and G.-I.O.; Methodology, M.M.A. and Q.N.N.; Project administration, T.S. and Q.N.N.; Resources, M.M.A.; Software, M.M.A.; Supervision, T.S.; Validation, M.M.A. and Q.N.N.; Visualization, M.M.A. and Q.N.N.; Writing—original draft, M.M.A. and Q.N.N.; Review and Editing, Q.N.N. and M.M.A.




Funding


Quang N. Nguyen’s work has been supported by the Waseda University Grant for Special Research Projects under Grant number 2019C-174.




Acknowledgments


We would like to thank all the reviewers and editors for their valuable comments and suggestions that helped improve this research study. We express our highest regards to the government of the Kingdom of Saudi Arabia, represented by the Ministry of Education for the Two Holy Mosques’ Overseas Scholarship Program and their support and cooperation. We also would like to thanks Abdeldjalil EL BEY (IMT Atlantique, École Mines-Télécom) for his useful advices regarding the simulation using MATLAB.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhang, X.; Wang, J. Statistical QoS-driven power adaptation for distributed caching based mobile offloading over 5G wireless networks. In Proceedings of the 2017 IEEE Conference on Computer Communications Workshops (INFOCOM WKSHPS), Atlanta, GA, USA, 1–4 May 2017; pp. 760–765. [Google Scholar]

	



Cai, Y.; Qin, Z.; Cui, F.; Li, G.Y.; McCann, J.A. Modulation and Multiple Access for 5G Networks. IEEE Commun. Surv. Tutor. 2018, 20, 629–646. [Google Scholar] [CrossRef]

	



Jacobson, V.; Mosko, M.; Smetters, D.; Garcia-Luna-Aceves, J.J. Content-Centric Networking: Whitepaper Describing Future Assurable Global Networks; Resp. DARPA RFI SN07-12; Palo Alto Research Center, Inc.: Palo Alto, CA, USA, 2007; pp. 1–9. [Google Scholar]

	



Nguyen, Q.N.; Arifuzzaman, M.; Miyamoto, T.; Takuro, S. An Optimal Information Centric Networking Model for the Future Green Network. In Proceedings of the 2015 IEEE Twelfth International Symposium on Autonomous Decentralized Systems, Taichung, Taiwan, 25–27 March 2015; pp. 272–277. [Google Scholar]

	



Nguyen, Q.N.; Arifuzzaman, M.; Sato, T. Proactive-caching based information centric networking architecture for reliable green communication in intelligent transport system. In ITU Kaleidoscope: Trust in Information Society; IEEE: Barcelona, Spain, 2015; pp. 1–7. [Google Scholar]

	



Nguyen, Q.N.; Arifuzzaman, M.; Yu, K.; Sato, T. A Context-Aware Green Information-Centric Networking Model for Future Wireless Communications. IEEE Access 2018, 6, 22804–22816. [Google Scholar] [CrossRef]

	



Nguyen, Q.N.; Liu, J.; Pan, Z.; Benkacem, I.; Tsuda, T.; Taleb, T.; Shimamoto, S.; Sato, T. PPCS: A Progressive Popularity-Aware Caching Scheme for Edge-Based Cache Redundancy Avoidance in Information-Centric Networks. Sensors 2019, 19, 694. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, D.; Liu, Y.; Ding, Z.; Zhou, Z.; Nallanathan, A.; Sato, T. Performance Analysis of Non-Regenerative Massive-MIMO-NOMA Relay Systems for 5G. IEEE Trans. Commun. 2017, 65, 4777–4790. [Google Scholar] [CrossRef]

	



Kumar, U.; Ibars, C.; Bhorkar, A.; Jung, H. A Waveform for 5G: Guard Interval DFT-s-OFDM. In Proceedings of the 2015 IEEE Globecom Workshops (GC Wkshps), San Diego, CA, USA, 6 December 2015; pp. 1–6. [Google Scholar]

	



Ohta, G.; Nanri, M.; Uesugi, M.; Sato, T.; Tominaga, H. A Study of New Modulation Method Consisted of Orthogonal Four SSB Elements Having a Common Carrier Frequency. In Proceedings of the 11th International Symposium on Wireless Personal Multimedia Communications (WPMC), Lapland, Finland, 8–11 September 2008. [Google Scholar]

	



Jiang, Y.; Zhou, Z.; Nanri, M.; Ohta, G.I.; Sato, T. Performance Evaluation of Four Orthogonal Single Sideband Elements Modulation Scheme in Multi-Carrier Transmission Systems. In Proceedings of the 2011 IEEE Vehicular Technology Conference (VTC Fall), San Francisco, CA, USA, 5–8 September 2011; pp. 1–6. [Google Scholar]

	



Mustafa, A.M.; Nguyen, Q.N.; Sato, T.; Ohta, G. Four Single-Sideband M-QAM Modulation using Soft Input Soft Output Equalizer over OFDM. In Proceedings of the 2018 28th International Telecommunication Networks and Applications Conference (ITNAC), Sydney, Australia, 21–23 November 2018; pp. 1–6. [Google Scholar]

	



Li, P.; de Lamare, R.C.; Fa, R. Multiple feedback successive interference cancellation with shadow area constraints for MIMO systems. In Proceedings of the Seventh International Symposium on Wireless Communication Systems, Heslington, UK, 19–22 September 2010; pp. 96–101. [Google Scholar] [CrossRef]

	



Shi, J.; Zhou, Y.; Xu, Y.; Zhang, J.; Yu, J.; Chi, N. 200-Gbps DFT-S OFDM Using DD-MZM-Based Twin-SSB with a MIMO-Volterra Equalizer. IEEE Photonics Technol. Lett. 2017, 29, 1183–1186. [Google Scholar] [CrossRef]

	



Verizon 5G TF; Air Interface Working Group. Verizon 5th Generation Radio Access; Multiplexing and Channel Coding (Release 1); Verizon Wireless: New York, NY, USA, 2016. [Google Scholar]

	



Pitakdumrongkija, B.; Suzuki, H.; Suyama, S.; Fukawa, K. Single sideband QPSK with turbo equalization for mobile communications. In Proceedings of the 2005 IEEE 61st Vehicular Technology Conference, Stockholm, Sweden, 30 May–1 June 2005; Volume 1, pp. 538–542. [Google Scholar]

	



Femenias, G.; Riera-Palou, F.; Mestre, X.; Olmos, J.J. Downlink Scheduling and Resource Allocation for 5G MIMO-Multicarrier: OFDM vs FBMC/OQAM. IEEE Access 2017, 5, 13770–13786. [Google Scholar] [CrossRef]

	



Zhang, L.; Zuo, T.; Mao, Y.; Zhang, Q.; Zhou, E.; Liu, G.N.; Xu, X. eyond 100-Gb/s Transmission Over 80-km SMF Using Direct-Detection SSB-DMT at C-Band. J. Lightwave Technol. 2016, 34, 723–729. [Google Scholar] [CrossRef]

	



Jiang, Y.; Zhou, Z.; Nanri, M.; Ohta, G.; Sato, T. Inter-Signal Interference Cancellation Filter for Four-Element Single Sideband Modulation. In Proceedings of the 2012 IEEE 75th Vehicular Technology Conference (VTC Spring), Yokohama, Japan, 6–9 May 2012; pp. 1–5. [Google Scholar] [CrossRef]

	



Hahn, S.L. Hilbert Transforms in Signal Processing; Artech House Publisher: Norwood, MA, USA, 1996. [Google Scholar]

	



Fan, R.; Yu, Y.J.; Guan, Y.L. Generalization of Orthogonal Frequency Division Multiplexing with Index Modulation. IEEE Trans. Wirel. Commun. 2015, 14, 5350–5359. [Google Scholar] [CrossRef]

	



Hassibi, B.; Vikalo, H. On the sphere-decoding algorithm I. Expected complexity. IEEE Trans. Signal Process. 2005, 53, 2806–2818. [Google Scholar] [CrossRef][Green Version]

	



Choi, J.; Mo, J.; Heath, R.W. Near Maximum-Likelihood Detector and Channel Estimator for Uplink Multiuser Massive MIMO Systems with One-Bit ADCs. IEEE Trans. Commun. 2016, 64, 2005–2018. [Google Scholar] [CrossRef]

	



Wolniansky, P.W.; Foschini, G.J.; Golden, G.D.; Valenzuela, R.A. V-BLAST: An architecture for realizing very high data rates over the rich-scattering wireless channel. In Proceedings of the 1998 URSI International Symposium on Signals, Systems, and Electronics, Pisa, Italy, 29 September 1998; pp. 295–300. [Google Scholar]

	



Cui, S.; Goldsmith, A.J.; Bahai, A. Energy-efficiency of MIMO and cooperative MIMO techniques in sensor networks. IEEE J. Sel. Areas Commun. 2004, 22, 1089–1098. [Google Scholar] [CrossRef]

	



Dong, Q.T.; Prayongpun, N.; Raoof, K. Antenna Selection for MIMO Systems in Correlated Channels with Diversity Technique. In Proceedings of the 2008 4th International Conference on Wireless Communications, Networking and Mobile Computing, Dalian, China, 12–17 October 2008; pp. 1–4. [Google Scholar] [CrossRef]








[image: Sensors 19 01944 g001 550]





Figure 1. Single-sideband (SSB) generated by the Hilbert transform. 
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Figure 2. The Four Single-sideband (4-SSB) Modulation Model. 
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Figure 3. The proposed 4-SSB multiple-input multiple-output (MIMO) system. 






Figure 3. The proposed 4-SSB multiple-input multiple-output (MIMO) system.



[image: Sensors 19 01944 g003]







[image: Sensors 19 01944 g004 550]





Figure 4. The shadow equalizer in the 4-SSB MIMO System. 
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Figure 5. 4-QAM Shadow Area Constellation. 
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Figure 6. 4-QAM 4-SSB Shadow equalization iteration evaluation compared to the relevant modulation schemes. 
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Figure 7. 4-QAM 4-SSB with turbo code system using shadow equalization compared to the relevant modulation schemes. 
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Figure 8. 4-QAM 4-SSB shadow in massive MIMO compared to relevant schemes in Additive White Gaussian Noise (AWGN) environment. 
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Figure 9. 4-QAM 4-SSB shadow in massive MIMO compared to the relevant modulation schemes in Rayleigh Channel environment. 
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Figure 10. 4-QAM 4-SSB shadow in correlated MIMO compared to the relevant modulation schemes in uncoded system under Rayleigh Channel environment. 
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Figure 11. 4-QAM 4-SSB shadow applied in orthogonal frequency division multiplexing Guard Interval (OFDM-GI) compared to the relevant modulation schemes in Rayleigh Channel environment. 
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