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Abstract—This paper introduces QR-SIC detector to minimize 

the probability of error comparing to SDM system. Spatial-

division-multiplexing (SDM) system is a multiple-inputs-

multiple-outputs (MIMO) system used to increase data 

transmission rate in modern communication systems. The major 

disadvantage of SDM system is the interference between the 

received symbols. In this paper, a new trans-receiver architecture 

for SDM system is introduced. This receiver uses a Successive-

Interference-Cancellation (SIC) detector based on QR-

decomposition of the channel matrix and a Forward-Error- 

Correction (FEC) channel code. The proposed architecture 

merges the interference cancellation process in QR-SIC detector 

and the forward error correction process in the channel decoder. 

The feedback symbols in the QR-SIC detector are the output 

symbols from the channel decoder after they are re-encoded and 

re-modulated and more robust. The new architecture minimizes 

the probability of error in the demodulated symbols more than 

the conventional SDM receiver. If the conventional SDM 

receiver needs 100 MWATT transmitted power the proposed 

system needs only 64 MWATT transmitted power. So The new 

architecture of the SDM receiver can save up to 36% of the 

transmitted signal power used with the conventional SDM 

receiver. At BER of 10-4, the convolution codes of code rates 3/4, 

1/2, and 1/4 achieve coding gains of 15 dB, 24 dB, and 30 dB 

with respect to the uncoded 4-antennas SDM receiver. the 

proposed SDM receiver at BER of 10-4 is 2dB, 1.5 dB, and 0.9 

dB better than the BER performance of the conventional coded 

SDM receiver at the same code rates and the same number of 

antenna. The enhancement in the BER performance of the 

proposed SDM receiver increases as the code gain of the used 

code. This increase in the power efficiency and bandwidth comes 

at the expense of an increase in the receiver complexity and 

latency 

 

Index Terms—Spatial multiplexing, Multiplexing interference, 

Successive interference cancellation. Channel matrix, QR 

decomposition, Channel codes 

 

I. INTRODUCTION 

The most important technology in broadband wireless 

communication systems is MIMO technology especially 

SDM (spatial division multiplexing system. The proposed 

SDM system offers high data rate and small probability of 

error by using more robust feedback symbols. Speaking of 

data rate, increasing the rate of the transmitted data is a 

major requirement in modern communication systems. 

Three methods are usually used to increase this rate. These 

methods are done in time domain, frequency domain, and 

spatial domain. The first method is the simplest one and it 

is done in the time domain. It uses a single carrier 

modulation, and the data rate is increased by reducing the 

symbol period. This method increases the bandwidth of 

the modulated signal as well as the rate of the transmitted 

data. The coherent bandwidth of the channel limits the 

modulated signal bandwidth and the data transmission rate. 

Inter-Symbol Interference (ISI) appears between the 

received symbols when the modulated signal bandwidth 

exceeds the coherent bandwidth of the channel. The 

channel equalization is usually used in the receiver to 

remove or minimize the ISI signal. Although the channel 

equalization compensates the effects of the bandwidth 

limitation of the channel, it increases the complexity of the 

receiver. The new work in [1] shows that the ISI signal can 

be exploited to enhance the Bit-Error-Rate (BER) 

performance of the receiver in the fading channel without 

any limitations on the transmitted data rate. However, the 

complexity of the proposed receiver in this work is higher 

than the complexity of the conventional receivers used to 

minimize the ISI signal. The second method of increasing 

the data rate is done in the frequency domain. This method 

uses multi- carrier modulation. N parallel subcarriers are 

used to transmit N independent symbols, simultaneously. 

The maximum achievable transmission rate in this system 

is equal to the maximum achieved rate on one subcarrier 

multiplied with the number of used parallel subcarriers. To 

solve the ISI problem in the multi-carrier system, the 

bandwidth of the modulated signal in each sub-channel is 

adjusted to be smaller than the coherent bandwidth of the 

transmitting channel [2]. The multi-carrier system suffers 

from inter-carrier interference (ICI) when the N used 

subcarriers are not orthogonal. Orthogonal-Frequency-

Division-Multiplexing (OFDM) system is proposed to 

solve the ICI problem in multi-carrier systems. The 

subcarriers in the OFDM system are orthogonal and no ICI 

 
  

 

mailto:hebatalla780@gmail.com
mailto:Ashraf.fahmy@bhit.bu.edu.eg


 

 

appears between the sub-channels. When the channel 

suffers from Doppler frequency shift, or there is a miss- 

synchronization between the received signal and the local 

carriers in the receiver, the orthogonality between the 

subcarriers in the OFDM signal is lost. In this case, ICI 

appears again, and it should be removed or minimized by 

the receiver [3], [4]. OFDM is used in many applications, 

where high data rate is required such as the fourth and fifth 

generations of cellular networks and the Digital Video 

Broadcasting (DVB) standards. The third method of 

increasing the rate of the transmitted data is done in the 

spatial domain. This method uses SDM system. This 

system transmits N independent modulated symbols over 

N transmitting antennas, simultaneously. The single 

carrier modulation as well as the multi-carrier modulation 

can be used with the SDM system. To achieve the required 

capacity gain, the number of the receiving antennas and 

the number of the independent paths from the transmitter 

to the receiver must be greater than or equal to the number 

of the transmitting antennas [5], [6]. The SDM system is 

not like the spatial diversity MIMO system. The first uses 

the multiple transmitting and receiving antennas to 

increase the system capacity. However, the later uses the 

multiple transmitting and receiving antennas to increase 

the reliability (diversity gain) of the system [7]. The SDM 

system suffers from the interference between the received 

symbols. The space-time codes may be used in the 

transmitter to get orthogonal symbols on the transmitting 

antennas. This removes the interference between the 

received symbols, however the redundancy in the space-

time codes reduces the capacity of the MIMO system [8]. 

The other method of removing or reducing the interference 

in the SDM system is the using of the interference 

cancellations detectors. The maximum- likelihood (ML) 

interference cancellation detector is the optimum 

interference cancellation detector, which removes the 

interferences between the received symbols in SDM 

receivers. However, the complexity of the ML detector 

grows exponentially with the number of the interfering 

symbols [9]. Linear interference cancellation detectors are 

often used in SDM receivers, because their complexities 

increase linearly with the number of the interfering 

symbols. However, the linear interference cancellation 

detectors are sub-optimum detectors. Linear interference 

cancellation is usually done in a parallel way or in a 

successive way. The Parallel Interference Cancellation 

(PIC) detectors such as the zero-forcing detector (ZF) and 

the Minimum-Mean-Square-Error (MMSE) detector 

remove the interference between the N multiplexed 

symbols in the received vector concurrently [10]-[12]. The 

ZF detector removes the interference completely, but it 

increases the power of the received noise. The MMSE 

detector compromises between the interference 

cancelation and the enhancement of the received noise 

power. The achievable sum rate for MMSE is improved 

based on the distributed users inside cell, mitigated the 

inter-cell interference caused when send the same signal 

by other cells. By contrast, MMSE is better than ZF in 

perfect Channel State Information (CSI) for 

approximately 20% of the achievable sum rate [13]. The 

second group of the linear interference cancellation 

detectors is the successive interference cancellation (SIC) 

detectors. In these detectors, a decision is made about an 

interfering symbol, and then this symbol is subtracted 

from the other interfering symbols. This process is 

repeated until all the interfering symbols are detected [14], 

[15]. This procedure removes the interference if the 

decision of the detected symbol is correct; otherwise, it 

will duplicate the contribution of the interference. 

Although linear detectors suffer from mediocre 

performance, the ZF method and the MMSE method are 

found to play a crucial role in the receiver design due to 

their relative simplicity [16]. The last group of the 

interference cancellation detectors is the decision 

feedback (DF) detectors [17], [18]. These detectors are 

nonlinear detectors. In the DF detectors, a linear matrix 

maps the received symbols to the decision vector. This 

mapping may be based on the ZF criterion or the MMSE 

criterion. It removes a large amount of the interference 

from the received symbols. A decision device is used to 

detect the symbols from the decision vector. These 

symbols are returned back to the input of the decision 

device after remapping with another mapping matrix. The 

remapped vector is subtracted from the input of the 

decision device to remove the residual interference. The 

performance of the DF detectors is better than the 

performance of the linear detectors [19], [20]. However, 

the complexity of the DF detectors is higher than the 

complexity of the linear detectors. Recently, Cooperative 

MIMO (CO-MIMO) employs multiple surrounding BS to 

jointly transmit and receive signals to and from users. This 

prevents inter-cell interference in neighboring BS as may 

be experienced with traditional MIMO systems [21]. 

In this paper, a new architecture is proposed for SDM 

receiver. The proposed receiver uses QR-SIC detector to 

remove the interference between the received symbols. 

The FEC channel coding is also used to enhance the BER 

performance of the proposed SDM receiver. In the new 

architecture, the function of the QR-SIC detector is 

merged with the function of the channel decoder. The 

feedback symbols to the QR-SIC detector are the 

corresponding symbols to output symbols from the 

channel decoder after they are re-encoded and re- 

modulated. However, in the conventional SDM receiver, 

the feedback symbols to the QR-SIC detector are the 

outputs symbols from the previous stages in the QR-SIC 

detector. The probability of error in the received symbols 

after the channel decoder is smaller than the probability of 

error in the received symbols after the QR-SIC detector. 

Therefore, the feedback in the QR-SIC detector of the 

proposed receiver is done by more robust symbols, 

however the feedback in the QR-SIC detector of the 

conventional SDM receivers is done by less robust 

symbols. In this work, the BER performance of the 

proposed SDM receiver is compared with the BER 

performance of the conventional SDM receiver with the 
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same channel coding and QR-SIC detector. The signal to 

interference power ratio (SIR) in SDM system is usually 

less than one (0 dB). FEC channel codes with high code 

gains are used to enhance the BER performance in the 

conventional and the proposed SDM receivers. The 

convolution code, the turbo code, and the low-density 

parity check code (LDPC) are examples of these codes, 

which work well in the channels with low SIRs. Since the 

BER performance of the LDPC code is very close to the 

Shannon limit [22], this gives the motivation to introduce 

a new mathematical method to generate the parity check 

matrix of the LDPC codes. The proposed method 

generates the parity check matrix for the LDPC codes, 

which are used in the simulated systems. A full study of 

the proposed method for generating the parity-check 

matrix of the LDPC code will be done in a separate paper 

to prevent the prolongation of the current one. Section II 

shows the mathematical model of the SDM signal and the 

conventional SDM transmitter. The architecture of the 

SDM transmitter and the proposed architecture of the 

SDM receiver are represented in this section. A trace of 

the received symbols in all the parts of the proposed 

receiver is also introduced. In Section III, the suggested 

algorithm for generating the parity check matrix of the 

used LDPC code that will be used with the proposed 

receiver, is introduced. The specifications of the used 

channel models and the simulations of the conventional 

and the proposed SDM receiver are shown in Section IV. 

The simulation results, the discussions and conclusion are 

presented in this section too. 

II. THE PROPOSED QR-SIC DETECTOR FOR SDM 

SYSTEM 

 

 
Fig. 1. A block diagram of an SDM transmitter with LDPC encode 

In the conventional SDM receiver, the feedback 

symbols to the interference cancellation detector come 

from the outputs of the previous stages in the detector. The 

channel decoder is independently used to correct the errors 

in the demodulated symbols after the interference 

cancellation detector. In the proposed SDM receiver, 

integration between the channel decoder and the 

interference cancellation detector is made, where the 

feedback is done from the output of the channel decoder 

to the input of the interference cancellation detector. The 

proposed SDM receiver uses QR-SIC detector to remove 

the interferences between the received symbols. The QR- 

SIC detector uses the QR-decomposition algorithm to 

decompose the channel matrix of the SDM system. It 

removes the interference between the received symbols in 

sequence one by one. The first detected symbol from the 

first stage of the QR-SIC detector is not directly fed to the 

input of the next stage. It is demodulated and then applied 

to the channel decoder. The channel decoder corrects 

some of the errors in the demodulated symbol. At this 

stage, the probability of error in the first detected symbol 

after the channel decoder is smaller than the probability of 

the error in the corresponding symbol at the output of the 

QR-SIC detector. The first symbol after the channel 

decoder is then re-encoded and re-modulated in order to 

feedback to the next stages of the QR-SIC detector. The 

feedback symbol is used to remove its share of the 

interference from the other detected symbols in the QR-

SIC detector. Probability of correct detection in the 

received symbols after the SIC detector is higher than the 

probability of correct detection in the corresponding 

symbols in the conventional QR-SIC detector 

Fig. 1 shows the block diagram of the conventional 

SDM transmitter. The information bits are first encoded 

with the channel encoder. The coded bits are then 

modulated using an M-ary quadrature amplitude 

modulation (M-QAM) scheme. The output symbols from 

the modulator are shaped with a suitable shaping filter to 

limit the bandwidth of the transmitted signal to be smaller 

than the coherent bandwidth of the channel. The 

transmitter of the SDM system consists of Mt transmitting 

antennas. Each antenna transmits one modulated symbol 
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(𝑆𝑛,𝑚𝑡
) every SDM symbol period. Equation (1) represents 

the nth SDM symbol, which is transmitted from the SDM 

transmitter in the nth symbol interval.  

𝑥 (𝑡 − 𝑛𝑇𝑠) = ∑ 𝑆𝑛,𝑚𝑡

𝑀𝑡
𝑚𝑡=1

= ∑ 𝑑𝑛,𝑚𝑡
𝑝(𝑡 −  𝑛𝑇𝑠)

𝑀𝑡
𝑚𝑡=1

: 𝑛 = 1, 2… 𝑁(1) 

N is the number of the SDM symbols. 𝑆𝑛,𝑚𝑡
 is the 

transmitted symbol by the 𝑚𝑡
th antenna in the nth SDM 

symbol interval. 𝑀𝑡  is the number of the transmitting 

antennas. 𝑇𝑠 is the SDM symbol period. It is equal to the 

period of a modulated M-QAM symbol. 𝑑𝑛,𝑚𝑡
 is the 

complex modulated M-QAM symbol, which is 

transmitted by the  𝑚𝑡
th transmitting antenna in the nth 

SDM symbol interval. Equation (2) shows the p(𝑡) which 

is the impulse response of the raised cosine shaping filter. 

p(𝑡) represents the normalized shaping pulse of the 

transmitted symbols with a roll-off factor 𝛽. 

p(t)) =         

{
 
 

 
 

π

4Ts
sinc (

1

2β
)                                   t =  ±

Ts

2β
    

 
1

Ts
sinc (

t

Ts
)
cos (π

βt

Ts
) 

1−(
2βt

Ts
)
2                      elsewhere

             (2) 

The spaces between the transmitting antennas are 

adjusted to be multiple of the transmitted signal 

wavelength. This reduces the cross coupling between the 

transmitting antennas and guarantees independent paths 

from the transmitter to the receiver [21]. Equation (3) 

shows the rate of the transmitted symbols 𝑅𝑠  in the 

proposed SDM transmitter.  

𝑅𝑠  =  
𝑅𝑏

 𝑟 ∗ (𝑀)  ∗ 𝑀𝑡 
                           (3) 

𝑅𝑏 is the information bit rate. M is the number of the 

constellation points in the used M-QAM modulation 

scheme. Equation (4) shows the bandwidth 𝐵𝑆𝐷𝑀 of the 

transmitted SDM signal is equal to: 

𝐵SDM = (1 + 𝛽)𝑅𝑠             0 ≤β≤1                (4) 

𝛽 is the bandwidth expansion factor. It depends on the 

frequency response of the shaping filter. The channel 

model in this study is the flat-fading Rayleigh channel. 

The transmitted signal bandwidth 𝐵𝑆𝐷𝑀 is adjusted to be 

always smaller than the coherent bandwidth of the 

Rayleigh fading channel. 

The SDM receiver contains 𝑀𝑟 receiving antennas. The 

number of the receiving antennas should be equal to the 

number of the transmitting antennas. The spaces between 

the receiving antennas are also multiple of the transmitted 

signal wavelength to guarantee independent fading paths 

from the transmitting antennas to the receiving antennas 

[5], [6], [23]. 

The conditions of the number of the receiving antennas 

and the spaces between these antennas ensure that the 

channel matrix is always a square matrix, and its rank is 

equal to the number of its rows and the number of its 

columns. Therefore, this channel matrix can be 

decomposed by the QR decomposition algorithm. 

Equation (5) shows the received signal by the 

𝑚𝑟
𝑡ℎ receiving antenna at the nth SDM symbol interval. 

𝑟𝑚𝑟
(𝑡 – 𝑛𝑇𝑠) =∑ ∝𝑚𝑟,𝑚𝑡    

. 𝑑𝑛,𝑚𝑡
p (t −  n𝑇𝑠)

𝑀𝑡
𝑚𝑡=1

 

+   𝑤𝑚𝑟(𝑡)                            (5) 

∝𝑚𝑟,𝑚𝑡
 is a complex Gaussian random variable. It 

represents the fading gain from the 𝑚𝑡
th transmitting 

antenna to the 𝑚𝑟
th receiving antenna. 𝑤𝑚𝑟(𝑡) is a sample 

function of a white Gaussian noise process W(t). The 

mean of the noise sample function 𝑤𝑚𝑟(𝑡) is zero and its 

covariance function is 𝜎𝑊
2  (𝑡). The channel is assumed 

quasi-static. The fading gain is constant during the SDM 

symbol period 𝑇𝑠, and it randomly changes from one SDM 

symbol to another. A channel estimator is usually used in 

the receiver to estimate the fading gains. The structure of 

the channel estimator is out of the scope of this study. 

Perfect channel estimation is assumed and the channel 

status information (CSI) is always available to the receiver.   

 

 
Fig. 2. A block diagram of the proposed SDM receiver with LDPC decoder 

Fig. 2 shows the block diagram of the proposed SDM 

receiver. The first stage in the proposed SDM receiver is a 

group of 𝑀𝑟  matched filters. The received signal from 

each receiving antennas passes through a filter matched to 

Journal of Communications vol. 17, no. 7, July 2022

©2022 Journal of Communications 531



 

 

the shaping pulse (𝑡) of the transmitted symbols. The 

matched filters extract the maximum energy in the SDM 

symbol. Equation (6) shows the output of the 𝑚𝑟
th 

matched filter due to the received signal in equation. 

𝑦𝑚𝑟
(𝑛𝑇𝑠) =∫ 𝑟𝑚𝑟

(𝑡 − 𝑛𝑇𝑠). 𝑝
∗(𝑡 − 𝑛𝑇𝑠). 𝑑𝑡

(𝑛+1)𝑇𝑠
𝑛𝑇𝑠

=

∑ ∝𝑚𝑟,𝑚𝑡
. 𝑑𝑛,𝑚𝑡

+
𝑀𝑡
𝑚𝑡

𝑍𝑚𝑟                   (6) 

𝑍𝑚𝑟
 is a complex Gaussian random variable with zero 

mean and 𝜎𝑤
2  variance. The 𝑀𝑟  outputs of the matched 

filters represent the elements of the input observation 

vector 𝑦𝑛 to the QR-SIC detector. At the nth SDM symbol, 

the observation vector 𝑦𝑛 is indicated in equation (7) and 

is equal to: 

𝑦𝑛= 𝐻𝑛𝑑𝑛 + 𝑧𝑛                                             (7.a) 

 

[
 
 
 
 
𝑦1(𝑛𝑇𝑠)
𝑦2(𝑛𝑇𝑠)

.

.
𝑦𝑀𝑟(𝑛𝑇𝑠)]

 
 
 
 

=

[
 
 
 
 
∝1,1     ∝1,2     …      ∝1,𝑀𝑡 
∝2,1     ∝2,2     …      ∝2,𝑀𝑡 
…     …     ….     …    … . .
….    ….    ….    ….   … . .

∝𝑀𝑟,1     ∝2,2     …      ∝𝑀𝑟,𝑀𝑡 ]
 
 
 
 

 

[
 
 
 
 
𝑑𝑛,1
𝑑𝑛,2
.
.

𝑑𝑛,𝑀𝑡]
 
 
 
 

+

[
 
 
 
 
𝑍1
𝑍2
.
.
𝑍𝑀𝑟]

 
 
 
 

                                           (7.b) 

The QR-SIC detector decomposes the channel matrix 

𝐻𝑛  into two matrices using the QR-decomposition 

algorithm. The first matrix is the 𝑄𝑛  matrix. It is an 

orthogonal matrix. The second matrix is the 𝑅𝑛 matrix. It 

is an upper triangle matrix. In the first stage of the QR-SIC 

detector, the observation vector 𝑦𝑛is multiplied with the 

inverse of the 𝑄𝑛 matrix. Equation (8) shows the 

observation vector 𝑦𝑛 after the mapping with the inverse 

𝑄𝑛matrix. 

 �̅�𝑛 = 𝑄𝑛
−1. �̅�𝑛 = 𝑅𝑛𝑑𝑛+𝑉𝑛                                     (8.a)  

  

[
 
 
 
 
 
 
 
�̅�1(𝑛𝑇𝑠)

�̅�2(𝑛𝑇𝑠)
.
.
.

�̅�𝑀𝑟−1(𝑛𝑇𝑠)

�̅�𝑀𝑟(𝑛𝑇𝑠) ]
 
 
 
 
 
 
 

=

[
 
 
 
 
 
 
ρ1,1              ρ1,2      …     ρ1,𝑀𝑡−1     ρ1,𝑀𝑡
 0              ρ2,2            …     ρ2,𝑀𝑡−1     ρ2,𝑀𝑡
  .                              .                   .            .  
.                       .                 .              .      
  0        0    …     ρ𝑀𝑟−1,𝑀𝑡−1     ρ𝑀𝑟−1,𝑀𝑡
   0        0             …      0                   ρ𝑀𝑟,𝑀𝑡

 ]
 
 
 
 
 
 

[
 
 
 
 
 
 
𝑑𝑛,1
𝑑𝑛,2
.
.
.

𝑑𝑛,𝑀𝑡−1
𝑑𝑛,𝑀𝑡 ]

 
 
 
 
 
 

+

[
 
 
 
 
 
 
𝑣1
𝑣1
.
.
.
.

𝑣𝑀𝑟−1
𝑣𝑀𝑟 ]

 
 
 
 
 
 

                                                                    (8.b) 

The multiplication of the observation vector 𝑦𝑛 with the 

inverse of the orthogonal matrix 𝑄𝑛 does not change the 

variance (the power) of the channel noise vector 𝑍𝑛 , 

because the 𝑄𝑛 matrix is a unitary matrix. The covariance 

matrix of the noise vector 𝑉𝑛 is the same as the covariance 

matrix of noise vector 𝑍𝑛 as shown in equation (9).  

𝑐𝑜𝑣(𝑉𝑛) = 𝐸[𝑉𝑛
𝐻

 . 𝑉𝑛] = 𝐸[ 𝑍𝑛
𝐻

 𝑄𝑛
−𝐻.  𝑄𝑛

−1 𝑍𝑛] = [𝑍𝑛
𝐻 𝑍𝑛] = 

𝜎𝑊
2 𝐼                                            (9) 

() H is the Hermitian transpose of the matrix. According 

to equation (9), the noise samples in the observation vector 

�̅�𝑛  are independent. From equation (8.b), the last element 

in the mapped observation vector �̅�𝑛  is indicated in 

equation (10): 

�̅�𝑀𝑟(𝑛𝑇𝑠)= ρ𝑀𝑟,𝑀𝑡. 𝑑𝑛,𝑀𝑡+𝑣𝑀𝑟             (10) 

By taking a closer look on this equation, it is found that 

there is no interference on symbol 𝑑𝑛,𝑀𝑡from the other (Mt 

-1) M-QAM symbols in the nth SDM symbol. The noise 

component 𝑣𝑀𝑟 in equation (10) is a zero mean Gaussian 

random variable with the same variance of the channel 

noise component 𝑣𝑀𝑟  in equation (7.b). Therefore 

 �̅�𝑀𝑟(𝑛𝑇𝑠) can be considered as the output from a matched 

filter in a conventional M-QAM receiver, which receives 

a signal transmitted through a Single-Input-Single-Output 

(SISO) flat fading channel. Maximum Likelihood (ML) 

demodulator is used to estimate the transmitted data 

symbol 𝑑𝑛,𝑀𝑡 in the nth SDM symbol interval as shown in 

equation (11). 

�̂�𝑛,𝑀𝑡=𝑎𝑟𝑔( min
𝑑𝑖
| �̅�𝑀𝑟(𝑛𝑇𝑠)− ρ𝑀𝑟,𝑀𝑡. 𝑑𝑖|

2 )   (11) 

In the conventional QR-SIC detector, the estimated 

symbol �̂�𝑛,𝑀𝑡 from this stage is feedback to the up stages 

in the QR-SIC detector to remove its interference share 

from the rest (𝑀𝑡  − 1) symbols in the symbols vector 𝑑𝑛. 

For example, equation(12) shows the symbol number (𝑀𝑡-

1) in the observation vector �̅�𝑛  which is equal to: 

�̅�𝑀𝑟−1(𝑛𝑇𝑠) =ρ𝑀𝑟−1,𝑀𝑡−1. 𝑑𝑛,𝑀𝑡−1 + ρ𝑀𝑟−1,𝑀𝑡 . 𝑑𝑛,𝑀𝑡 +

𝑣𝑀𝑟−1                                                                        (12) 

The modulated symbol 𝑑𝑛,𝑀𝑡−1  in the observation 

vector �̅�𝑛  merely suffers the interference from the 

modulated symbol 𝑑𝑛+𝑀𝑡 
 and the noise component  𝑣𝑀𝑟−1. 

The estimated symbol �̂�𝑛,𝑀𝑡from the first stage in the QR-

SIC detector in equation (11) is feedback and subtracted 

from  �̅�𝑀𝑟−1(𝑛𝑇𝑠)  after multiplying with the channel 

fading gain ρ𝑀𝑟−1,𝑀𝑡. The ML demodulator is then used to 

estimate the modulated symbol 𝑑𝑛,𝑀𝑡−1 from the 

subtraction result as shown in equation (13).  

�̂�𝑛,𝑀𝑡−1=𝑎𝑟𝑔(min
𝑑𝑖
| �̅�𝑀𝑟(𝑛𝑇𝑠)− ρ𝑀𝑟−1,𝑀𝑡.�̂�𝑛,𝑀𝑡 −

ρ𝑀𝑟−1,𝑀𝑡−1. 𝑑𝑖|
2                                                              (13) 

The same process is repeated for the next stages in the 

QR-SIC detector until all the symbols in the SDM vector 
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𝑑𝑛  are estimated. Equation (14) shows the ML 

demodulation for the arbitrary symbol 𝑑𝑛,𝑀𝑡  where 𝑚𝑡  

=𝑚𝑟.  

�̂�𝑛,𝑀𝑡 = arg (min𝑑𝑖
|( �̅�𝑀𝑟(𝑛. 𝑇𝑠) ∑  𝜌𝑚𝑟,𝑚.

𝑚𝑡−1
𝑚=𝑀𝑡

�̂�𝑛,𝑚) −

𝜌𝑚𝑟,𝑚𝑡
. 𝑑𝑖|

2                                                              (14) 

The estimated symbol �̂�𝑛,𝑀𝑡  is then mapped to a binary 

symbol  �̂�𝑛,𝑀𝑡  using the baseband M-QAM detector.  In 

the convention SDM receiver, the estimated binary 

symbols enter the channel decoder to correct the errors in 

the detected symbols due to the residual interference and 

the channel noise. The channel decoder can correct up to t 

error in each code word. t is related to the minimum 

distance of the channel code according to equation (15).  

𝑡 = ⌊
1

2
(𝑑𝑚𝑖𝑛 − 1)⌋                                          (15) 

⌊𝑥⌋ is the floor of the real number x.   

In the proposed SDM receiver, the feedback in the 𝑚𝑡
th 

stage of the QR-SIC detector is not done using the 

estimated symbols (�̂�𝑛,𝑀𝑡 , �̂�𝑛,𝑀𝑡−1… �̂�𝑛,𝑚𝑡−1 ) from the 

previous stages. However, the feedback is done using the 

estimated symbols after the channel decoder as shown in 

Fig. 2. The probability of error in the estimated symbols 

after the channel decoder is less than the probability of 

error in the estimated symbols after the QR-SIC detector. 

Therefore, the feedback in the proposed receiver is done 

using symbols that are more robust. The binary symbols 

after the channel decoder are re-encoded and re-modulated 

before they are feedback to the QR-SIC detector. The new 

symbols used to estimate the 𝑑𝑛+𝑚𝑡
 in the 𝑚𝑡

th stage of 

the QR-SIC detector are (�̂�𝑛,𝑀𝑡 
𝑐𝑑 ,  �̂�𝑛,𝑀𝑡−1

𝑐𝑑 , … , �̂�𝑛,𝑚𝑡−1
𝑐𝑑 )as 

shown in Fig. 2. Equation (16) shows the ML 

demodulation for the symbol 𝑑𝑛+𝑚𝑡
 using the more robust 

estimated symbols from the channel decoder.  

�̂�𝑛,𝑚𝑡
= arg (min

𝑑𝑖
|( �̅�𝑀𝑟(𝑛. 𝑇𝑠)∑  𝜌𝑚𝑟,𝑚. �̂�𝑛,𝑚

𝑐𝑑 ) −
𝑚𝑡−1
𝑚=𝑀𝑇

 𝜌𝑚𝑟,𝑚𝑡
. 𝑑𝑖|

2                                                              (16) 

�̂�𝑛,𝑚 
𝑐𝑑  is the mth feedback symbol from the mth QR- SIC 

stage after the channel re-encoding and the M-QAM re-

modulating to the output symbol from the mth channel 

decoder. The improvement in the probability of error in 

the proposed receiver architecture comes on the expense 

of the system latency and complexity. However, the using 

of high-speed digital signal processors or parallel 

processing algorithms may overcome the increase in the 

system latency. Moreover, the big development in the 

integrated circuit technologies and the increase in the 

densities of FPGA and ASIC chips can absorb the added 

modulators and channel encoders in the feedback paths. 

The residual power of the interference and noise in the 

output of the 𝑚𝑟
th stage in the QR-SIC detector is equal to 

the difference between the power of the output of the QR-

SIC detector in this stage and the power of the modulator 

output in the 𝑚𝑡
th stage in the transmitter. By subtracting 

the noise power from this difference, the resultant 

represents the residual interference in the detected 

symbols after the QR-SIC detector. Equation (17) shows 

the residual interference power 𝑝𝑅𝐼  in the detected symbol 

from 𝑡ℎ𝑒  𝑚𝑟
th stage in the proposed QR-SIC detector.   

(𝑝𝑅𝐼)𝑚𝑟
= |( �̅�𝑚𝑟(𝑛𝑇𝑠) − ∑  𝜌𝑚𝑟,𝑚  . �̂�𝑛,𝑚

𝑐𝑑 ) −
𝑚𝑡−1
𝑚=𝑀𝑇

 𝜌𝑚𝑟,𝑚𝑡
. 𝑑𝑛,𝑚𝑡

| − 𝜎𝑊
2                                                 (17) 

III. THE PROPOSED CHANNEL CODE FOR THE SDM 

SYSTEM  

The channel coding reduces the bit-error-rate (BER) in 

the received information symbols. The systems with high 

noise and interference powers use channel codes with 

small code rates to overcome the noise and the 

interference effects. When the noise and the interference 

powers are small, channel codes with higher code rates are 

used. Each channel code has a specific code gain at a 

certain BER. It represents the difference between the 

received signal to noise and interference ratios SNIR of 

the coded system and the un-coded system at a certain 

BER. In conventional systems, the interference 

cancellation process and the channel decoding process are 

independent. The interference cancellation detector 

removes or minimizes the interference at its output 

according to its operating criterion. The channel decoder 

then corrects some of the errors in the output symbols from 

the interference cancelation detector according to its 

correction capability. There is no feedback information 

between the channel decoder and the interference 

cancellation detector.  

The channel codes with high code gains such as the 

low-density parity check (LDPC) code and the turbo code 

are recommended in the proposed receiver, because the 

signal to interference ratio is low in the SDM system. The 

LDPC is more preferred because its encoder is simpler 

than the encoder of the turbo codes is. Channel codes with 

simpler encoder reduce the latency of the feedback path 

and the detection time of the next symbols in the proposed 

QR-SIC detector. The encoder of the LDPC code 

multiplies the message vector with the generator matrix G 

as shown in equation (18).  

𝐜 = 𝐦. 𝐆                                 (18) 

m is a row vector of k message bits. G is the generator 

matrix of the LDPC code. It is consisting of k rows and n 

columns. c is a row vector of n coded bits. The code rate 

of the used LDPC code is k/n. The LDPC encoder is 

implemented with two methods. The first method uses 

logic gates to implement the multiplication between the 

message vector and the columns of the generator matrix G.  

n groups of k AND gates are used to do the modulo-2 

multiplication between the message word and the columns 

in the generator matrix G.  n XOR gates are used to do the 

modulo-2 summation between the output k bits from the 

(AND) gates in each group. The second way of the 
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implementation of the LDPC encoder uses a look-up table 

(LUT) to save the code word according to equation (18). 

The message word is used as an address to the LUT, and 

the code word is the data gotten from the LUT. This 

method is preferred when the number and the size of the 

message words and the code words are small. However, 

the first method is preferred when the number and the size 

of the message words and the code words are big. The 

LDPC code is defined by the parity-check matrix H. Since 

the LDPC code is a linear block code, the rows space of 

its generator matrix G is the null space of its parity-check 

matrix H [24]. Equation (19) represents the condition, 

which should be satisfied by the generator matrix G and 

the parity-check matrix H of any linear block code. 

𝐆.𝐻𝑇=0                                    (19) 

In this proposal, a new algorithm for generating the 

LDPC parity check matrix is proposed. The proposed 

algorithm creates the parity-check matrix randomly. The 

created H matrix is a regular matrix, which should satisfy 

the following condition in equation (20): 

𝑊𝑐
𝑊𝑟

= 1 − 𝑟                        (20) 

𝑤𝑐 are the columns weights of the H matrix. 𝑤𝑟 is the 

rows weights of the H matrix. r is the code rate. The 

proposed H matrix is constructed according to the 

following steps:  

1-The rows of the H matrix are divided into l groups. 

Each group consists of m rows.  

2-The number of rows in each group is specified by 

equation (21):  

m=  
𝑛

𝑊𝑟
                                    (21) 

3-Each row in each group contains 𝑤𝑟  ones assigned 

randomly to  𝑤𝑟 locations in the n columns.  

4-No two or more rows in the same group have one in 

the same column location.  

Therefore, the weight of each column in each group is 

one.  

5-The weight of the columns 𝑤𝑐 in the H matrix can be 

calculated by equation (22): 

 𝑊
𝑐 =       𝐿   

𝑛−𝑘

𝑚

                               (22) 

If equation (21) is substituted in equation (22), the 

condition is equation (20) will be obtained. Therefore, the 

proposed algorithm will produce a regular H matrix for the 

LDPC code. The code vectors in the proposed LDPC code 

must satisfy the check equation of the linear block codes 

as shown in equation (23).   

𝐜. 𝐻𝑇  = 𝟎                                          (23) 

Since the minimum distance of the linear code is equal 

to the minimum Hamming weight of non-zero code vector, 

the minimum distance is equal to the minimum number of 

columns in the H matrix whose sum is equal to the zero 

vector. Therefore, it is preferred to assign an even row 

weight for the H matrix according to proposed algorithm.  

IV. THE SIMULATION RESULTS AND THE DISCUSSION  

In this section, the proposed SDM receiver is simulated 

at different channels and system conditions. The 

information rate 𝑅𝑏 in the simulated systems is 10 M bits/s.  

TABLE I: THE BANDWIDTH OF THE TRANSMITTED SDM SIGNALS IN THE 

SIMULATED SYSTEMS 

8-antennas SDM 

system 

4-antennas SDM system 

Code rate = 1/2  Code rate = 1/4  Code rate =1/2  Code rate = 3/4  

BW=688 KHz  BW=2.75 MHz  BW=1.38 MHz   BW=917 KHz   

 

Two SDM systems are simulated. The first uses four 

transmitting antennas and the other uses eight transmitting 

antennas. Convolution code, turbo code and LDPC code 

are used in the simulations of the two proposed SDM 

systems. The code rates of the used convolution codes are 

1/4, 1/2 and 3/4. For LDPC code, the proposed random 

algorithm is used to generate the parity check matrix H of 

the code. The code rate of the used LDPC code is 1/2. The 

decoder of the LDPC is implemented using the Sum-

Product algorithm. Turbo code with code rate 1/2 is also 

used in the simulations. The decoder of the turbo code is 

implemented using the BCJR algorithm. The simulated 

systems use 16-QAM modulation and raised-cosine 

shaping filter with 0.1 roll-off factor. Table I shows the 

bandwidths of the transmitted SDM signals in the 

simulated systems using equations (3) and (4). For 4-

antenna SDM system, by increasing the code rate from 

¼,1/2,3/4 the transmitted signal bandwidth of SDM system 

decreases. Also the 8-Antenna SDM system is studied for 

½ code rate. 

From [23], [25], the simulated flat-fading Rayleigh 

channels have average coherent bandwidths of 700KHz 

for urban outdoor channel and 2.8 MHz for indoor channel. 

The 4-antennas SDM system is simulated with the indoor 

channel model, however the 8-antennas SDM system is 

simulated with the outdoor channel model. It is assumed 

that all the transmitted symbols from the transmitting 

antennas have the same power levels. The signal to 

interference ratio (SIR) at the inputs of the 4-antennas 

SDM receiver is -4.771 dB and at the inputs of the 8-

antennas SDM receiver is -8.45 dB 

Fig. 3 shows the BER performance of the 4-antennas 

SDM receiver. QR-SIC detector is used to remove the 

interference between the received symbols. The 4-

antennas SDM receiver is simulated without channel 

coding and with convolution codes of rates 1/4, 1/2, and 

3/4. The BER performance of the simulated SDM receiver 

is also compared with the BER performance of the SISO 

receiver in flat fading Rayleigh channel.   
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From Fig. 3, it is observed that the BER performance of 

the uncoded 4-antennas SDM receiver with QR-SIC 

detector is 3 dB worse than the BER performance of the 

SISO receiver. Since the SIR at the receiver inputs is -

4.771 dB, the QR-SIC detector approximately removes 

1.771 dB of the power of the interfering signals. The 

power of the remaining interfering signals at the output of 

the QR-SIC detector is 3 dB. This remaining interference 

power is the source of the 3dB difference between the 

BER performance of the uncoded 4-antennas SDM 

receiver and the SISO receiver.  

 
Fig. 3. Conventional 16-QAM 4-antennas SDM system without coding and with rate 1/4, 1/2, and 3/4 convolution code in Rayleigh flat fading channel 

When channel codes are used, they enhance the 

performance of the SDM receiver significantly. At BER 

of 10-4, the convolution codes of code rates 3/4, 1/2, and 

1/4 achieve coding gains of 15 dB, 24 dB, and 30 dB with 

respect to the uncoded 4-antennas SDM receiver, 

respectively. These code gains increases when the BER 

decreases.   

Fig. 4. shows the BER performance of the proposed 

SDM receiver when the feedback in the QR-SIC detector 

is done by the symbols after the channel decoder as shown 

in Fig. 2. The BER performance of the proposed SDM 

receiver is compared with the BER performance of the 

conventional coded SDM receiver when the feedback in 

the QR-SIC detector is done by the symbols before the 16-

QAM demodulator.  

It is observed from Fig. 4 that the performance of the 

proposed SDM receiver at BER of 10-4 is 2dB, 1.5 dB, and 

0.9 dB better than the BER performance of the 

conventional coded SDM receiver at code rates 1/4, 1/2, 

and 3/4 convolution codes, respectively. The enhancement 

in the BER performance of the proposed SDM receiver 

increases as the code gain of the used code increases. This 

is logical because the probability of error in the feedback 

symbols to the QR-SIC detector decreases when the code 

gains of the used channel code increases. Therefore, the 

interference cancellation in the QR-SIC detector is done 

using symbols that are more robust. 

 

Fig. 4. Conventional 16-QAM 4-antennas SDM system with rate 1/4, 1/2, and 3/4 convolution code and the proposed 16-QAM 4-antennas SDM system 

with the same code rates in Rayleigh flat fading channel 
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Fig. 5. Conventional 16-QAM 4-antennas SDM system with rate 1/2 (16 iteration) LDPC code and the proposed 16-QAM 4-antennas SDM system 

with the same code rate and decoding iteration number in Rayleigh flat fading channel 

 
Fig. 6. Conventional 16-QAM 4-antennas SDM system with rate 1/2 (8 iteration) Turbo code and the proposed 16-QAM 4-antennas SDM system with 

the same code rate and decoding iteration number in Rayleigh flat fading channel 

 
Fig. 7. Conventional 16-QAM 8-antennas SDM system without coding and with rate ½, convolution code and the proposed 16-QAM 8-antennas SDM 

system with the same code rate in Rayleigh flat fading channel 

Fig. (5) shows the BER performance of the 

conventional coded 4-antennas SDM receiver and the 

proposed 4-antennas SDM receiver when LDPC code is 

used. The BER performance of the proposed SDM 

receiver is also better than the BER performance of the 

conventional coded SDM receiver by approximately 1.5 

dB at BER of 10-4. The same result is observed in figure 

(6) when Turbo code is used instead of the LDPC code. At 

BER of 10-4, the BER performance of the proposed 4-

antennas SDM receiver with turbo code is better than the 
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BER performance of the conventional coded SDM 

receiver with turbo code by approximately 1.7 dB  

Fig. 7, Fig. 8, and Fig. 9 show the simulation results of 

the proposed and the conventional 8antennas SDM system 

in urban outdoor flat fading Rayleigh channel. The SIR 

ratio at the inputs of the 8-antennas is -8.45 dB  

Fig. 7 shows the BER performance of the uncoded 8-

antennas SDM receiver with QR-SIC detector compared 

with the BER performance of the SISO system in the same 

fading channel. It is observed form figure (7) that the BER 

performance of the uncoded 8-antennas SDM receiver is -

6 dB worse than BER performance of the SISO receiver. 

The QR-SIC detector removes 2.45 dB of the power of the 

interfering signals at its input. The remaining interference 

power at the output of the QR-SIC detector is 6 dB  

Fig. 7 also shows the BER performance of the coded 

SDM receiver and the proposed SDM receiver when 

convolution code with rate 1/2 is used. The BER 

performance of the conventional coded SDM receiver is 

enhanced by approximately 23 dB than the BER 

performance of the uncoded SDM receiver at BER of 10-

4. Moreover, the proposed SDM receiver achieves an 

enhancement of approximately 1.5 dB than the BER 

performance of the conventional coded SDM receiver. 

This enhancement factor is the same as the enhancement 

factor in the BER performance of the proposed 4-antennas 

SDM receiver in the previous indoor simulation.  

Fig. 8 and Fig. 9 show the comparisons between the 

BER performance of the coded 8antennas SDM receiver 

and the proposed 8-antennas SDM receiver when LDPC 

code and turbo code are used, respectively. At BER of 10-

4, the proposed SDM receiver with LDPC code achieves 

an enhancement in the BER performance of the coded 8-

antennas SDM receiver with LDPC code by 1.4 dB 

However, when turbo code is used, the proposed SDM 

receiver achieves an enhancement in the BER 

performance by 1.6 dB 

Form the simulations of the proposed 4-antennas SDM 

receiver and 8-antennas SDM receiver; it is observed that 

the enhancement in the BER performance does not depend 

on the number of the transmitting and receiving antennas. 

The BER performance enhancement in the proposed 

receiver architecture depends only on the coding gain of 

the used channel codes.   

 

 

Fig. 8. Conventional 16-QAM 8-antennas SDM system with rate ½ (16 iteration) LDPC code and the proposed 16-QAM 8-antennas SDM system with 

the same code rate and decoding iteration number in Rayleigh flat fading channel 

 

Fig. 9. Conventional 16-QAM 8-antennas SDM system with rate 1/2 (8 iteration) Turbo code and the proposed 16-QAM 8-antennas SDM system with 

the same code rate and decoding iteration number in Rayleigh flat fading channel 
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V. CONCLUSION 

 The SDM systems increases the data transmission rate, 

but it suffers from high interference between the received 

symbols. The QR-SIC detector is linear detector, which is 

used to remover the interference in the SDM receiver. In 

the same flat fading channel, the BER performance of the 

4-antennas SDM receiver and the 8-antennas SDM 

receiver are worse than the BER performance of the SISO 

receiver by 3 dB and 6 dB, respectively. The channel 

coding greatly enhances the performance of the SDM 

receiver with the QR-SIC detector. The convolution code, 

the LDPC code, and the turbo code with rate 1/2 achieve 

coding gains of 24 dB, 26.5 dB, and 27 dB at BER of 10-

4, respectively. In the conventional SDM receiver, the 

feedback symbols to the QR-SIC detector are done using 

the detected symbols from the previous stages of the QR-

SIC detector. The BER performance of the SDM receiver 

can be more enhanced when the output symbols from the 

channel decoder are feedback to the QRSIC detector after 

re-encoding and re-modulation. The probability of error in 

the received symbols after the channel decoder is smaller 

than the probability of error in the received symbols after 

the QR-SIC detector. Therefore, the feedback symbols in 

the proposed QR-SIC detector are more robust than the 

feedback symbols after the QR-SIC detector, which are 

used in the conventional SDM receiver. For the indoor flat 

fading channel, the proposed 4antennas SDM receiver can 

save 36%, 30%, and 19% of the transmitted signal power 

in the conventional 4-antennas SDM system when 

convolution codes with rates 1/4, 1/2, and 3/4 are used. 

The power saving in the BER performance of the proposed 

4-antennas SDM receiver is with respect to the 

conventional 4-antennas SDM receiver with the same 

channel code and the same code rate. Moreover, the 

proposed 4-antennas SDM receiver can save 33% and 30% 

of the transmitted signal power if the turbo code and 

LDPC code with rate 1/2 are used, respectively. For the 

outdoor flat fading channel, the proposed 8-antennas SDM 

receiver can save 31%, 30%, and 28% of the transmitted 

signal power in the conventional 8-antennas SDM system 

if turbo code, convolution code, and LDPC code with code 

rate 1/2 are used, respectively. The power saving in the 

BER performance of the proposed 8-antennas SDM 

receiver is also with respect to the conventional 8-antennas 

SDM receiver with the same channel code and the same 

code rate. By comparing the results of the proposed 4-

antennas SDM receiver and 8-antennas SDM receiver, the 

BER performance of the proposed SDM receiver does not 

depend on the number of the used antennas, however it 

merely depends on the code gain of the used channel code. 

Also if the system is applied to slow and fast fading 

channel to compare its performance. For fast fading 

channels due to the relative mobility between the 

transmitter and receiver, the BER increases more than the 

BER in slow fading channels. The proposed system will 

improve the BER for fast fading channels by the same 

amount of coding gain () of the used channel code. The 

coding gain is a function in the used code rate and type of 

the channel code. The coding gain is not affected by the 

channel characteristics. 
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