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Abstract: 

The fully parallel Turbo decoder has been developed in view to meet the requirements for next 

generation telecommunication systems. Given the slight increase in computational complexity as 

compared to the conventional serial decoder, there is still the need to fill this gap. As such, this 

paper presents early termination processes for the fully parallel Turbo decoder. The results 

demonstrate a slight degradation in error performance with the proposed hybrid scheme as 

compared to the conventional stand-alone early stopping mechanisms. The degradation in BER is 

around 0.5 dB on average below a BER of 10-3 when a block length of 3072 is considered. For a 

block length of 6144, the degradation is less than 0.2 dB on average below a BER of 10-1. 

Interestingly, the degradation in error performance decreases with increasing block length. Results 

for average number of decoding iterations reveal that the proposed scheme inherits the 

performance trends of both SDR and regression analysis based early stopping schemes. 

Additionally, the number of iterations for the hybrid scheme is lower than both conventional 

schemes throughout the full Eb/N0 region simulated. When considering a block length of 3072 and 

the Eb/N0 value of 2.0 dB, the proposed scheme uses 16 and 3 iterations less than the regression 

analysis and SDR based early stopping mechanisms respectively. In the case of a block length of 

6144 and the Eb/N0 value of 2.0 dB, the proposed scheme uses 13 and 2 iterations less than the 

regression analysis and SDR based early stopping mechanisms respectively. 

 

Keywords: Sign Difference Ratio; Correlation Coefficient; Regression; Stopping Criteria; Fully 

Parallel Turbo Decoder. 
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1.0 Introduction 

Ever since its inception, Turbo codes [1, 2] have been widely used in several technologies for 

3G/4G standards such as CDMA-2000 [3] and Long Term Evolution (LTE) [4]. In view to lower 

the computational complexity and power consumption of the decoding system as well as keeping 

a fair trade-off in terms of error performance, several early-stopping mechanisms [5, 6, 7] have 

been devised and implemented over the years. 

For instance, in [8], the authors have presented two simple early stopping mechanisms based on 

the cross-entropy concept. Results show that the proposed schemes provide negligible 

degradations in the error performances with significant gains pertaining to the average number of 

decoding iterations. The authors of [9] have presented a new stopping criterion for the Turbo 

decoder by exploiting the hard-decision aided (HDA) algorithm and the coding constraint of Turbo 

codes. The limit of all possible stopping criteria is based on a Genie scheme. 

In the work of [10], the authors present an early stopping criterion based on the cyclic redundancy 

check in view to reduce the implementation complexity. In [11], a VLSI architecture of the Turbo 

decoder employing an HDA stopping criterion using phase estimation methods has been presented. 

The results demonstrate that the proposed system can stop the decoding process in both low and 

high signal to noise ratio (SNR) environments without drastically impacting the error correction 

ability as compared to conventional decoders. The authors of [12] have proposed an adaptive 

approach based on the coding rate and frame length for LTE Turbo codes with the aim of selecting 

the best threshold for two early stopping techniques. The results demonstrate gains of up to 38% 

in the average number of iterations compared to a fixed threshold approach without degradations 

in the error performance. 

In the work of [13], the authors have presented two stopping criteria for the low and high SNR 

regions in the case of LTE Turbo codes. In the low SNR region, a regression angle is employed 

while in the high SNR region, a fixed Pearson’s correlation coefficient of 0.98 is used. Simulation 

results with Quadrature Phase Shift Keying (QPSK) and 16-Quadrature Amplitude Modulation 

(QAM) demonstrate a significant gain in terms of average number of iterations with better error 

performance as compared to the conventional decoding scheme. These are achieved at the expense 

of a slight increase in computational complexity of the decoding architecture. 

Even though these proposed schemes are interesting and suitable for 3G/4G, there was still a need 

to further modify and parallelize the Turbo coding architecture to meet the demands for newer 

generation communication systems. 5G [14, 15] and next generation communication standards 

have requirements for at least ten times more throughput and ten times lower delay as compared 

to its predecessor. Owing to that, Low Density Parity Check (LDPC) [16] and Polar codes [17] 

have been preferred to Turbo codes in 5G. However, R. Maunder [18] has dismantled the 

conventional BCJR decoding for Turbo codes and developed a novel fully parallel Turbo decoder 

giving it a better edge to compete for a place in newer standards. However, even though the 

performance of the fully parallel Turbo decoder matches that of the conventional one, it requires 

a higher number of iterations. Therefore, the aim of this work is to assess the sign difference ratio 

(SDR) and regression correlation profile between the extrinsic and a-posteriori Log Likelihood 



Ratios (LLRs) for the fully parallel Turbo decoder and propose an early stopping mechanism with 

acceptable error performance trade-offs. 

This paper is organized as follows. Section 2 presents a background with details on the 

conventional Turbo codes, early stopping mechanisms and the fully parallel turbo decoder. Section 

3 presents the details of the system model and the simulation results are presented in Section 4. 

Finally the work is concluded in Section 5 together with some insight on potential future works. 

2.0 Background 

In this section, details on the conventional Turbo codes, early stopping mechanisms and the fully 

parallel turbo decoder are provided. The sub-section 2.1 provides background information on the 

conventional Turbo coded architecture. Section 2.2 provides an overview on a number of early 

stopping mechanisms for the conventional Turbo decoder. Section 2.3 gives an overview of the 

fully parallel Turbo decoder.  

 

2.1 Conventional Turbo Coded Architecture 

Figure 1 depicts a conventional Turbo coded architecture. A message block 𝑎 = [𝑎𝑘]𝑘=1𝑁 of length 𝑁 ∈ {40, 48,… , 6144} [4] is fed to the encoding system comprising of an upper and lower 

encoder. The lower encoder operates on the interleaved version (𝑏 = [𝑏𝑘]𝑘=1𝑁 ) of the original 

message sequence, 𝑎. Both encoders output two 𝑁-bit long sequences of bits which are the 

systematic and parity frames. The sequences, which proceed to the multiplexer, are the systematic 

and parity blocks from the upper encoder and the parity block from the lower encoder. As such the 𝑁-bit long message 𝑎, is transformed into encoded frames consisting of 3𝑁 bits resulting in a code 

rate of 𝑅 = 𝑁 3𝑁⁄ = 1 3⁄ . Following the encoding process, the encoded frames can be 

multiplexed into a single stream 𝑥𝑡, modulated, transmitted over a wireless channel and finally be 

intercepted at the receiver. 

At the receiver side, the noisy stream is demodulated and de-multiplexed into 𝑟𝑡𝑎, 𝑟𝑡𝑏 and 𝑟𝑡𝑐 which 

are the noisy versions of the frames 𝑎, 𝑏 and 𝑐 from the transmitter side. These streams are then 

fed to the respective upper and lower decoders and the extrinsic information generated at each 

half-iteration is passed sequentially to the other decoder until the maximum number of iterations 

has been reached. The respective decoders function on a forward and backward recursion of the 

Log-BCJR algorithm. The upper decoder uses the following set of equations [19]. 

 

Log BCJR Equations 

�̅�𝒌(𝑺𝒌−𝟏, 𝑺𝒌) = {  
  𝟎, 𝒊𝒇 𝒂(𝑺𝒌−𝟏, 𝑺𝒌) = 𝟎 𝒂𝒏𝒅 𝒄(𝑺𝒌−𝟏, 𝑺𝒌) = 𝟎𝒓𝒄, 𝒊𝒇 𝒂(𝑺𝒌−𝟏, 𝑺𝒌) = 𝟎 𝒂𝒏𝒅 𝒄(𝑺𝒌−𝟏, 𝑺𝒌) = 𝟏𝜦𝟐𝒂̅̅ ̅̅ ̅ + 𝒓𝒂,   𝒊𝒇 𝒂(𝑺𝒌−𝟏, 𝑺𝒌) = 𝟏 𝒂𝒏𝒅 𝒄(𝑺𝒌−𝟏, 𝑺𝒌) = 𝟎𝜦𝟐𝒂̅̅ ̅̅ ̅ + 𝒓𝒂 + 𝒓𝒄,   𝒊𝒇 𝒂(𝑺𝒌−𝟏, 𝑺𝒌) = 𝟏 𝒂𝒏𝒅 𝒄(𝑺𝒌−𝟏, 𝑺𝒌) = 𝟏 (1) 

 



�̅�𝒌(𝑺𝒌) = 𝐦𝐚𝐱∗𝑺𝒌−𝟏|𝒄(𝑺𝒌−𝟏,𝑺𝒌)=𝟏[�̅�𝒌(𝑺𝒌−𝟏, 𝑺𝒌) + �̅�𝒌−𝟏(𝑺𝒌−𝟏)]    (2) 

 �̅�𝒌−𝟏(𝑺𝒌−𝟏) = 𝐦𝐚𝐱∗𝑺𝒌|𝒄(𝑺𝒌−𝟏,𝑺𝒌)=𝟏[�̅�𝒌(𝑺𝒌−𝟏, 𝑺𝒌) + �̅�𝒌(𝑺𝒌)]    (3) �̅�𝒌(𝑺𝒌−𝟏, 𝑺𝒌) = �̅�𝒌(𝑺𝒌−𝟏, 𝑺𝒌) + �̅�𝒌−𝟏(𝑺𝒌−𝟏) + �̅�𝒌(𝑺𝒌)   (4) 𝜦𝒌𝟏𝒆 = 𝐦𝐚𝐱∗(𝑺𝒌−𝟏,𝑺𝒌)|𝒂(𝑺𝒌−𝟏,𝑺𝒌)=𝟏[�̅�𝒌(𝑺𝒌−𝟏, 𝑺𝒌)] − 𝐦𝐚𝐱∗(𝑺𝒌−𝟏,𝑺𝒌)|𝒂(𝑺𝒌−𝟏,𝑺𝒌)=𝟎[�̅�𝒌(𝑺𝒌−𝟏, 𝑺𝒌)] − 𝜦𝟐𝒂̅̅ ̅̅ ̅     (5) 

 

Where, �̅�𝑘(𝑆𝑘−1, 𝑆𝑘) represents the branch transition metric from state 𝑆𝑘−1 to 𝑆𝑘 𝑎(𝑆𝑘−1, 𝑆𝑘) represents the message bit pertaining to the transition from state 𝑆𝑘−1 to 𝑆𝑘 𝑐(𝑆𝑘−1, 𝑆𝑘) represents the parity bit pertaining to the transition from state 𝑆𝑘−1 to 𝑆𝑘 𝛬2𝑎̅̅ ̅̅ ̅ represents the a-priori input LLR feedback from the lower decoder �̅�𝑘(𝑆𝑘) and �̅�𝑘−1(𝑆𝑘−1) represent the forward metrics pertaining to states 𝑆𝑘 and  𝑆𝑘−1 respectively �̅�𝑘(𝑆𝑘) and �̅�𝑘−1(𝑆𝑘−1) represent the backward metrics pertaining to states 𝑆𝑘 and  𝑆𝑘−1 

respectively 𝛿�̅�(𝑆𝑘−1, 𝑆𝑘) represents the a-posteriori transition log-probabilities 

 

The extrinsic information from the upper decoder is then fed to the lower decoder together with 

the interleaved noisy version of the systematic stream and the parity stream corresponding to the 

lower encoder. After the second half-iteration, the output information from the lower decoder are 

then feedback to the upper decoder again and the process continues in an iterative manner until the 

maximum number of iterations has been reached. 
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Figure 1: Conventional Turbo coded architecture 

 

2.2 Early Stopping Mechanisms for the Conventional Turbo Decoder 

Halting the turbo decoding process without significant degradation in error performance has been 

an intensively researched topic. As such, multiple algorithms have been designed, implemented 

and tested. Different early stopping mechanisms are described in the following sub-sections. 

 

2.2.1 Hard-Decision Aided Criterion 

The hard decisions on the a-posteriori LLRs after each half-iteration essentially provides an 

indication on the convergence of the decoding process. By making use of this fact, an additional 



mechanism is attached to the lower decoder which computes a threshold equal to the cross-entropy 

between the previous and current a-posteriori probabilities. As soon as the threshold value is small 

enough, the estimated message is output and the iterative process is terminated [8]. The algorithm 

for the HDA-criterion is as follows: 

 

Algorithm 1: Hard-Decision Aided 

Inputs : 

N 
i 

imax 𝒑𝒌𝟐,𝒊 
 𝒑𝒌𝟐,𝒊−𝟏 

Frame length 

Iteration number 

Maximum number of iterations 

a-posteriori probability w.r.t kth bit at ith iteration for the lower decoder 

 

a-posteriori probability w.r.t kth bit at (i-1)th iteration for the lower decoder 

Output : �̂� Estimate of original message 

 

while i > 1 and i  ≠ imax  do 

  

Compute the threshold, 𝑇𝑖: 𝑇𝑖 = ∑𝐸𝑝2,𝑖 {log 𝑝𝑘2,𝑖𝑝𝑘2,𝑖−1}𝑁
𝑘=1  

 

if 𝑇𝑖 ≈ 0 then 

 return the estimate of the message: �̂� 

 break; 

 
else 

 continue while loop; 

 end if 

end while 
 

 

2.2.2 Cross-Entropy based Stopping 

The cross-entropy based stopping [8] computes the threshold by using the a-posteriori probability 

outputs from both the upper and lower Turbo decoders at the 𝑖𝑡ℎ iteration and makes a decision of 

whether to halt or continue the iterative process. The condition used for the termination process in 

this algorithm is whether the computed threshold value has dropped to a fraction of (10−2~10−4) 
of the threshold value obtained at the first iteration. The algorithm for the cross-entropy based 

stopping criterion is as follows: 

 

 

 

 

 

 



Algorithm 2: Cross-Entropy based Stopping 

Inputs : 

N 
i 

imax 𝒑𝒌𝟐,𝒊 
 𝒑𝒌𝟏,𝒊 
 𝑻𝟏 

Frame length 

Iteration number 

Maximum number of iterations 

a-posteriori probability w.r.t kth bit at ith iteration for the lower decoder 

 

a-posteriori probability w.r.t kth bit at ith iteration for the lower decoder 

 

Cross-entropy based threshold value obtained at the first iteration 

Output : �̂� Estimate of original message 

 

while i > 1 and i  ≠ imax  do 

  

Compute the threshold, 𝑇𝑖: 𝑇𝑖 = ∑ 𝐸𝑝2,𝑖 {log 𝑝𝑘2,𝑖𝑝𝑘1,𝑖}𝑁
𝑘=1  

 

if 10−4𝑇1 ≤ 𝑇𝑖 ≤ 10−2𝑇1 then 

 return the estimate of the message: �̂� 

 break; 

 
else 

 continue while loop; 

 end if 

end while 
 

 

2.2.3 Sign Change Ratio (SCR) based Stopping 

The SCR criterion [8] computes a threshold using the number of sign changes between the extrinsic 

LLRs at the previous and current iterations respectively. The criterion results from the cross-

entropy criterion and the algorithm is as follows: 

 

Algorithm 3: Sign Change Ratio based Stopping 

Inputs : 

N 
i 

imax 𝚲𝒌𝟐𝒆,𝒊 
 𝚲𝒌𝟏,𝒊 
 𝑻𝟏 

Frame length 

Iteration number 

Maximum number of iterations 

extrinsic LLR w.r.t kth bit at ith iteration for the lower decoder 

 

a-posteriori LLR w.r.t kth bit at ith iteration for the lower decoder 

 

Cross-entropy based threshold value obtained at the first iteration 

Output : �̂� Estimate of original message 

 

while i > 1 and i  ≠ imax  do 

  

Compute the threshold, 𝑇𝑖: 𝑇𝑖 = ∑ {|Λ𝑘2𝑒,𝑖 − Λ𝑘2𝑒,𝑖−1|2𝑒|Λ𝑘1,𝑖| }𝑘𝜖{𝑠𝑖𝑔𝑛(Λ𝑘2𝑒,𝑖)≠𝑠𝑖𝑔𝑛(Λ𝑘2𝑒,𝑖−1)}  

 if 0.005𝑇1 ≤ 𝑇𝑖 ≤ 0.03𝑇1 then 



 return the estimate of the message: �̂� 

 break; 

 
else 

 continue while loop; 

 end if 

end while 
 

 

2.2.4 Sign Difference Ratio based Stopping 

The SDR criterion proposed in [20] is different from previously mentioned stopping criteria as it 

operates at the output of both the upper and lower decoders in the iterative process. The number 

of sign differences between the a-priori and extrinsic LLRs for either decoder at the current 

iteration is computed and compared to a set threshold. The equation for computing the threshold 

in this case is: 𝑇𝑗,𝑖 = 1𝑁 ∑𝑠𝑖𝑔𝑛(Λ𝑘𝑗𝑎,𝑖) ≠ 𝑠𝑖𝑔𝑛(Λ𝑘𝑗𝑒,𝑖)     (6) 

 

The algorithm for the SDR criterion is as follows: 

Algorithm 4: Sign Difference Ratio based Stopping 

Inputs : 

N 
i 

imax 𝚲𝒌𝒋𝒆,𝒊 𝚲𝒌𝒋𝒂,𝒊
 𝚲𝒌𝒋,𝒊 

Frame length 

Iteration number 

Maximum number of iterations 

extrinsic LLR w.r.t kth bit at ith iteration for the decoder 𝑗, 𝑗 ϵ {1, 2} 

a-priori LLR w.r.t kth bit at ith iteration for the decoder 𝑗, 𝑗 ϵ {1, 2} 

a-posteriori LLR w.r.t kth bit at ith iteration for the decoder 𝑗, 𝑗 ϵ {1, 2} 

Output : �̂� Estimate of original message 

 

while i ≥ 1 and i  ≠ imax  do 

  
Compute the threshold for decoder 𝑗, 𝑇𝑗,𝑖: 𝑇𝑗,𝑖 = 1𝑁∑𝑠𝑖𝑔𝑛(Λ𝑘𝑗𝑎,𝑖) ≠ 𝑠𝑖𝑔𝑛(Λ𝑘𝑗𝑒,𝑖) 

 

if 0.001 ≤ 𝑇𝑗,𝑖 ≤ 0.01 then 

 return the estimate of the message: �̂� = 𝐡𝐚𝐫𝐝𝐥𝐢𝐦(Λ𝒋,𝒊) 
 break; 

 
else 

 continue while loop; 

 end if 

end while 
 

2.2.5 Regression Correlation based Stopping 

In addition to the numerous stopping mechanisms proposed for Turbo codes, a novel regression 

analysis based stopping criterion was proposed in [13]. The equations for the regression correlation 

and regression angle are as follows: 



𝑟𝑗2(𝑖) = ( ∑ (Λ𝑘𝑗,𝑖−Λ𝑗,𝑖̂ ) x (Λ𝑘𝑗𝑒,𝑖−Λ𝑗𝑒,�̂�)𝑁𝑘=1√∑ (Λ𝑘𝑗,𝑖−Λ𝑗,𝑖̂ )2𝑁𝑘=1  x ∑ (Λ𝑘𝑗𝑒,𝑖−Λ𝑗𝑒,�̂�)2𝑁𝑘=1 )2
    (7) 

𝜃𝑊𝑖 = tan−1 (∑ (𝑟𝑗2(𝑖)(𝑧)−𝑟2(𝑖)̂)2𝑖𝑧=2𝑛−(𝐵−1)  x (𝑖𝑑𝑥(𝑧)−𝑖𝑑𝑥(𝑧)̂ )∑ (𝑟𝑗2(𝑖)(𝑧)−𝑟2(𝑖)̂)22𝑖𝑧=2𝑛−(𝐵−1) )   (8) 

 

The Algorithm for the regression analysis based stopping is as follows. 

Algorithm 5: Regression Analysis based Stopping 

Inputs : 

N 
i 

imax 𝚲𝒌𝒋𝒆,𝒊 𝚲𝒌𝒋,𝒊 
W 
T 𝒏𝒊𝒕𝒆𝒓𝒔 
 𝒊𝒅𝒙(𝒋) 

Frame length 

Iteration number 

Maximum number of iterations 

extrinsic LLR w.r.t kth bit at ith iteration for the decoder 𝑗, 𝑗 ϵ {1, 2} 

a-posteriori LLR w.r.t kth bit at ith iteration for the decoder 𝑗, 𝑗 ϵ {1, 2} 

Regression window set to 7 

Threshold value of 0.98 

Number of half-iterations 

Index of 𝑗𝑡ℎ  half-iteration 

Output : �̂� Estimate of original message 

 

while i ≥ 1 and i  ≠ imax  do 

  

Compute the regression correlation between the a-posteriori and extrinsic LLRs for decoder 𝑗, 𝑟𝑗2(𝑖): 

𝑟𝑗2(𝑖) = ( ∑ (Λ𝑘𝑗,𝑖 − Λ𝑗,�̂�) x (Λ𝑘𝑗𝑒,𝑖 − Λ𝑗𝑒,𝑖̂ )𝑁𝑘=1√∑ (Λ𝑘𝑗,𝑖 − Λ𝑗,�̂�)2𝑁𝑘=1  x ∑ (Λ𝑘𝑗𝑒,𝑖 − Λ𝑗𝑒,𝑖̂ )2𝑁𝑘=1 ) 
2

 

 

if 𝑛𝑖𝑡𝑒𝑟𝑠 ≥ 4 then 

 Compute the regression angle, 𝜃𝑊𝑖 : 

  𝜃𝑊𝑖 = tan−1 (∑ (𝑟𝑗2(𝑖)(𝑧) − 𝑟2(𝑖)̂ )2𝑖𝑧=2𝑛−(𝐵−1)  x (𝑖𝑑𝑥(𝑧) − 𝑖𝑑𝑥(𝑧)̂ )∑ (𝑟𝑗2(𝑖)(𝑧) − 𝑟2(𝑖)̂ )22𝑖𝑧=2𝑛−(𝐵−1) ) 

  

 If 𝜃𝑊𝑖 ≤ 0 or 𝑟𝑗2(𝑖) ≥ 𝑇 

  return the estimate of the message: �̂� = 𝐡𝐚𝐫𝐝𝐥𝐢𝐦(Λ𝒋,𝒊) 
  break; 

 end if 

 
else 

 continue while loop; 

 end if 

end while 
 

 



2.3 Fully Parallel Turbo Decoder 

In view to meet the requirements of ten times more throughput and ten times less delay for the 5th 

Generation telecommunication systems, the author of [18] has come up with a fully parallel Turbo 

decoding mechanism by re-working the conventional BCJR decoding algorithm. This new 

decoding architecture overcomes the limitation of the conventional decoder which operates 

sequentially with current information output being dependent on previous information. Thus, the 

parallel architecture allows the independent processing of different block sets. The algorithm of 

the fully parallel upper turbo decoder operates using the following set of equations: 

 

Fully Parallel Turbo Decoding Equations 

 �̅�𝒌(𝑺𝒌−𝟏, 𝑺𝒌) = { 𝒓𝒄, 𝒊𝒇 𝒂(𝑺𝒌−𝟏, 𝑺𝒌) = 𝟎 𝒂𝒏𝒅 𝒄(𝑺𝒌−𝟏, 𝑺𝒌) = 𝟏𝒓𝒂,   𝒊𝒇 𝒂(𝑺𝒌−𝟏, 𝑺𝒌) = 𝟏 𝒂𝒏𝒅 𝒄(𝑺𝒌−𝟏, 𝑺𝒌) = 𝟎𝒓𝒂 + 𝒓𝒄,   𝒊𝒇 𝒂(𝑺𝒌−𝟏, 𝑺𝒌) = 𝟏 𝒂𝒏𝒅 𝒄(𝑺𝒌−𝟏, 𝑺𝒌) = 𝟏 (9) 

 �̅�𝒌(𝑺𝒌) = [ 𝐦𝐚𝐱∗𝑺𝒌−𝟏|𝒄(𝑺𝒌−𝟏,𝑺𝒌)=𝟏[�̅�𝒌(𝑺𝒌−𝟏, 𝑺𝒌) +]] − �̅�𝒌(𝑺𝒌)    (10) 

 �̅�𝒌−𝟏(𝑺𝒌−𝟏) = [ 𝐦𝐚𝐱∗𝑺𝒌|𝒄(𝑺𝒌−𝟏,𝑺𝒌)=𝟏[�̅�𝒌(𝑺𝒌−𝟏, 𝑺𝒌)]] − �̅�𝒌−𝟏(𝑺𝒌−𝟏)   (11) 𝜦𝒌𝟏𝒆 = [ 𝐦𝐚𝐱∗(𝑺𝒌−𝟏,𝑺𝒌)|𝒂(𝑺𝒌−𝟏,𝑺𝒌)=𝟏[�̅�𝒌(𝑺𝒌−𝟏, 𝑺𝒌)]] − [ 𝐦𝐚𝐱∗(𝑺𝒌−𝟏,𝑺𝒌)|𝒂(𝑺𝒌−𝟏,𝑺𝒌)=𝟎[�̅�𝒌(𝑺𝒌−𝟏, 𝑺𝒌)]] − 𝜦𝟐𝒂̅̅ ̅̅ ̅     

(12) 

 

Where, 𝛿�̅�(𝑆𝑘−1, 𝑆𝑘) represents the a-posteriori transition log probabilities from state 𝑆𝑘−1 to 𝑆𝑘 𝑎(𝑆𝑘−1, 𝑆𝑘) represents the message bit pertaining to the transition from state 𝑆𝑘−1 to 𝑆𝑘 𝑐(𝑆𝑘−1, 𝑆𝑘) represents the parity bit pertaining to the transition from state 𝑆𝑘−1 to 𝑆𝑘 𝛬2𝑎̅̅ ̅̅ ̅ represents the a-priori input LLR feedback from the lower decoder �̅�𝑘(𝑆𝑘) and �̅�𝑘−1(𝑆𝑘−1) represent the extrinsic forward state log probabilities pertaining to 

states 𝑆𝑘 and  𝑆𝑘−1 respectively �̅�𝑘(𝑆𝑘) and �̅�𝑘−1(𝑆𝑘−1) represent the extrinsic backward state log probabilities pertaining to 

states 𝑆𝑘 and  𝑆𝑘−1 respectively 𝛬𝑘1𝑒 represents the uncoded extrinsic LLR 

 



Simulation results demonstrate that the performance of the fully parallel Turbo decoder matches 

that of the conventional log BCJR decoder. However, this is achieved at the cost of more iterative 

processes. 

 

3.0 System Model 

The proposed hybrid design of SDR-Regression early stopping mechanism is built for the fully 

parallel LTE Turbo codes. The configurations used are as follows: 

LTE Turbo Encoder : [1, 1311]8 

Packet Length(s) : 3072 and 6144 

Code-rate : 1/3 

Interleaver : Quadrature Permutation Polynomial (QPP) 

Modulation : BPSK 

Channel : Rayleigh Fading 

Iteration Window : 4 

 

The system proposed in this work was developed following the analysis of the trends pertaining to 

the SDR and regression correlation between the a-posteriori and extrinsic LLRs from each 

decoder. The following sub-sections depict these trends. 

 

3.1 SDR Profile 

In view to analyze SDR between the a-posteriori and extrinsic LLRs for the fully parallel turbo 

decoder, the profile over 48 iterations is plotted as shown in Figure 2. 



 

Figure 2: SDR profile between a-posteriori and extrinsic LLRs – (a) Packet size of 3072 bits, (b) Packet size of 6144 

bits 

From Figure 2, it can be observed that the SDR profile follows similar trends irrespective of packet 

length and 𝐸𝑏 𝑁0⁄  (dB) value. For both block lengths, the SDR values visibly settle to a constant 

after a certain number of iterations. Mathematically, this means that successive iterations are not 

contributing to any further improvements in the decoding capability. Thus, from a hardware 

perspective, it means that redundant computations are being performed and power is being 

consumed un-necessarily. Even though, the settling SDR value is different for the 𝐸𝑏 𝑁0⁄  (dB) 

values (more specifically it is approximately equal to 1.0 for high 𝐸𝑏 𝑁0⁄  (dB) values and less than 

1.0 for low 𝐸𝑏 𝑁0⁄  (dB) values), the trend of the profile can be exploited to come up with a 

generalized early stopping mechanism. 

 

3.2 Regression Profile 

A similar analysis of the profile of the regression correlation between the extrinsic and a-posteriori 

LLRs for the fully parallel turbo decoder is depicted in Figure 3. 

 



 

Figure 3: Regression profile between a-posteriori and extrinsic LLRs – (a) Packet size of 3072 bits, (b) Packet size 

of 6144 bits 

A few observations can be made when comparing the profiles of the regression correlations with 

those of the SDR. The trends observed in the case of the regression correlation are similar to those 

of the SDR. The similarity at first look is that the regression correlation also settles to a constant 

value after a number of iterations. However, some slight differences exist in the behavior of the 

curves. Firstly, the maximum value of 1.0 is approached for the two block lengths but not equaled 

to in this case. From the simulations, the maximum value reached at high 𝐸𝑏 𝑁0⁄  (dB) is 

approximately 0.98 on average. In the case of SDR, the settling value for low 𝐸𝑏 𝑁0⁄  (dB) values 

lies between 0.5 and 1.0 while in the case of regression correlation the latter lies between 0 and 

0.5. The number of iterations required to reach the settling value in the case of SDR is visibly less 

that in the case of the regression correlation. Based on these observations, a few criteria can be 

proposed for the early stopping of the decoding process. These are described in the next sub-

section. 

 

 



3.3 Stopping Threshold value 

From the SDR and regression correlation profiles, it can be observed that the maximum value is 

either equal to or approaching 1.0. In the case of SDR, the value of 1.0 is reached while in the case 

of regression correlation, the maximum value is 0.98. Based on these observations, the constant 

threshold values for stopping can be set in both cases. 

 

3.4 Gradient / Angle detection based Stopping Mechanism 

Owing to the fact that the maximum threshold value is not reached at all  𝐸𝑏 𝑁0⁄  (dB) values, 

another mechanism based on the gradient / angle detection is devised such that the global stopping 

mechanism is adaptive to the different channel conditions. The approach used is based on the 

regression angle computation for the trends of the SDR / regression correlation versus the iteration 

index. In order to enable this computation, an iteration window of 4 is set. The regression angle is 

computed in that window and the iterative process is halted when a value of 0° is reached. Based 

on the analysis of the SDR / regression correlation profiles, the maximum stopping threshold and 

the angle / gradient detection based stopping mechanism, the stopping mechanism can be devised 

and used as in Algorithm 5. 

 

3.5 Hybrid SDR-Regression based Stopping Mechanism 

When comparing equations (6) and (7) pertaining to the computations of the SDR and regression 

correlation respectively, it is evident that the complexity of equation (7) is higher. Owing to this, 

the idea of the hybrid stopping mechanism is to use the SDR profile combined with the regression 

angle computation and come up with the adaptive stopping system. As such, the impact will be a 

decrease in the computational complexity of the fully regression based stopping mechanism. The 

amended equations for the hybrid stopping mechanism are: 𝑇𝑆𝐷𝑅𝑗,𝑖 = 1𝑁 ∑𝑠𝑖𝑔𝑛(Λ𝑘𝑗𝑎,𝑖) ≠ 𝑠𝑖𝑔𝑛(Λ𝑘𝑗𝑒,𝑖)     (13) 

𝜃𝑊𝑖 = tan−1 (∑ (𝑇𝑆𝐷𝑅𝑗,𝑖(𝑧)−𝑇𝑆𝐷𝑅�̂�)2𝑖𝑧=2𝑛−(𝐵−1)  x (𝑖𝑑𝑥(𝑧)−𝑖𝑑𝑥(𝑧)̂ )∑ (𝑇𝑆𝐷𝑅𝑗,𝑖(𝑧)−𝑇𝑆𝐷𝑅�̂�)22𝑖𝑧=2𝑛−(𝐵−1) )   (14) 

Where, 𝑇𝑆𝐷𝑅𝑗,𝑖 represents the sign difference ratio between the a-posteriori and extrinsic LLRs for decoder 𝑗 at iteration 𝑖 
 

3.6 Computational Complexity 

The computational complexity analysis for the fully parallel Turbo decoder is detailed in [18]. 

Building upon that, the additional operations per algorithmic block required with the incorporation 

of the early stopping mechanisms are shown in Table 1. 

 



Table 1: Number of operations per algorithmic block 

Operation 

Fully-Parallel 
SDR based 

early stopping 

Regression based 

early stopping 

Hybrid early 

stopping 

Eq. 

(9) 

Eq. 

(10) 

Eq. 

(11) 

Eq. 

(12) 
Total 

Eq. 

(6) 
Total 

Eq. 

(7) 

Eq. 

(8) 
Total 

Eq. 

(13) 

Eq. 

(14) 
Total 

+ or – 29.5 8 8 2 47.5 1 48.5 7 4 58.5 1 4 52.5 

max* 0 8 8 14 30  30   30   30 

Hard-

Limit 
     2 2    2  2 

/      1 1 1 1 2 1 1 1 

*        5 2 7  2 2 

√        1  1    tan−1         1 1  1 1 

 

The number of hard-limit and division operations per algorithmic block for the hybrid mechanism 

is the same as that for the SDR based early stopping. Additionally, no square root operation is 

needed in the hybrid system as compared to the one based on regression correlation. The 

percentage increase in additions / subtractions for the different schemes compared to the 

conventional one is shown in Table 2. 

Table 2: Increase in addition/subtraction per algorithmic block 

Early stopping Scheme % Increase 

SDR 2.1 

Regression 23.1 

Hybrid 10.5 

 

Visibly, the increase in complexity pertaining to addition / subtraction for the hybrid scheme is 

approximately 12~13% less than that of the regression based early stopping and 8~9% more than 

that of the SDR based scheme. 

 

4.0 Simulation Results 

The comparative analysis of the following schemes in terms of BER performance and average 

number of decoding iterations per message block is made: 

Scheme 1 – Fully Parallel LTE Turbo code without early stopping 

Scheme 2 – Fully Parallel LTE Turbo code with early stopping based on SDR only 

Scheme 3 – Fully Parallel LTE Turbo code with early stopping based on regression correlation 

only 

Scheme 4 – Fully Parallel LTE Turbo code with proposed hybrid SDR / Regression early stopping 

 



The results obtained with block lengths 3072 and 6144 are discussed in the following sub-sections 

4.1 and 4.2 respectively. 

 

4.1 Results for Message Block Length of 3072 

Figure 4 depicts the BER performance of the different schemes when the simulations are carried 

for block length of 3072 bits. Strikingly, Schemes 2 and 3 demonstrate an almost similar error 

performance as compared to the conventional Scheme 1. The proposed hybrid Scheme 4 has a 

degraded performance as compared to the schemes 1, 2 and 3. However, this degradation of 0.5 

dB on average below a BER of 10-3 comes as a cost for the reduced number of average decoding 

iterations discussed next. 

 

Figure 4: BER performance for N = 3072 

Figure 5 depicts the performance in terms of the average number of decoding iterations for the 

different schemes when the simulations are carried for block length of 3072 bits. Scheme 2, which 

uses the SDR stopping mechanism only provides no gain the average number of decoding 

iterations in the Eb/N0 (dB) range from 0.0 to 1.0 dB. It starts using a reduced number of average 



decoding iterations as from an Eb/N0 value of 1.5 dB to reach approximately 22 average decoding 

iterations at an Eb/N0 value of 3.0 dB. Scheme 3, which uses the regression based stopping 

mechanism only, demonstrates its adaptive characteristic to the different Eb/N0 (dB) values. The 

average number of iterations increases from approximately 18 to approximately 47 in the Eb/N0 

(dB) range from 0.0 to 1.5 dB. The average number of decoding iterations start to decrease beyond 

the Eb/N0 value of 2.0 dB to reach approximately 36 at an Eb/N0 value of 3.0 dB. The proposed 

hybrid scheme 4 shows a similar trend as that of Scheme 3 but at much lower number of iterations. 

In this case, the average number of decoding iterations increase from approximately 9 to 

approximately 31 in the Eb/N0 (dB) range from 0.0 to 2.0 dB and starts to decrease again beyond 

this value to reach approximately 20 at an Eb/N0 value of 3.0 dB. This performance of the proposed 

scheme 4 in terms of average number of decoding iterations clearly compensates for the slight 

degradation in error performance as observed in the BER plot of Figure 4 previously. Strictly 

speaking, Scheme 4 provides a trade-off between slightly degraded error performance and the 

amount of power that would be required for the reduced number of decoding iterations. 

Additionally, it is evident from Figure 5 that Scheme 4 is adaptive as well as energy efficient in 

both poor and good channel conditions. 

 

Figure 5: Iterations performance for N = 3072 



4.2 Results for Message Block Length of 6144 

The BER performance for the different schemes simulated for a block length of 6144 are shown 

in Figure 6. In this case also, t can be observed that Schemes 2 and 3 have an almost similar 

performance as compared to the conventional Scheme 1. Strikingly, the degradation in error 

performance of the proposed scheme 4 is less than 0.2 dB on average below a BER of 10-1. This 

result is very interesting, especially when the considering the analysis of the average number of 

decoding iterations which is performed next. Another interesting observation is that the extent of 

the degradation is lesser as compared to a block length of 3072. 

 

Figure 6: BER performance for N = 6144 

Figure 7 depicts the performance in terms of the average number of decoding iterations for the 

different schemes when the simulations are carried for block length of 6144 bits. It can be observed 

that Scheme 2 uses the maximum number of decoding iterations, similar to Scheme 1, under poor 

channel conditions (Eb/N0 (dB) range from 0.0 to 1.5 dB). The average number of decoding 

iterations start to decrease as from Eb/N0 = 2.0 dB to reach approximately 24 decoding iterations 



with Scheme 2 at Eb/N0 = 3.0 dB. Scheme 3 outperforms Scheme 2 under poor channel conditions 

(Eb/N0 less than 1.5 dB) with only a slight degradation in error performance as observed from 

Figure 6. Even though the average number of decoding iterations decreases for Scheme 3 at Eb/N0 

values greater than 1.5 dB, it does dot outperform Scheme 2. It should be noted that the error 

performance of both schemes are almost identical in this Eb/N0 region and Scheme 3 has a higher 

complexity as compared to Scheme 2. Each of these schemes have their corresponding advantages 

in the respective Eb/N0 regions. The intuitive hybridization of these 2 schemes into Scheme 4 

demonstrates a significant improvement in terms of the average number of decoding iterations 

over the whole Eb/N0 (dB) range. Scheme 4 requires approximately 10 decoding iterations on 

average at Eb/N0 = 0.0 dB to reach a maximum of 41 iterations at Eb/N0 = 1.5 dB and finally 

decreases to reach approximately 22 iterations at an Eb/N0 = 3.0 dB. The proposed scheme 4 

demonstrates its potential to be used with fully parallel Turbo decoder for new generation 

communication systems, given the reduced computational complexity and therefore reduced 

power consumption from the hardware perspective. 

 

Figure 7: Iterations performance for N = 6144 

 



4.3 Summary of Results 

The results presented in the previous sub-sections reveal the performance and potential of a 

proposed hybrid early stopping mechanism adapted for use with the fully parallel Turbo decoder. 

The hybrid scheme provides a slight degradation in error performance as compared to the two 

conventional schemes from which the latter has been devised. However, it has been observed that 

this degradation reduces with increased block length. Also, the proposed hybrid scheme inherits 

the performance trend of the average number of decoding iterations from both Schemes 2 and 3. 

Scheme 4, thus performs adaptively over the whole Eb/N0 (dB) range of values and also uses lesser 

iterations as compared to the profiles of Schemes 2 and 3. This trade-off between error 

performance and average number of decoding iterations becomes very interesting in practical case 

scenarios where variations in channel quality are encountered. The proposed scheme impacts 

directly on the power consumption of the decoding system. 

 

5.0 Conclusion and Future Works 

This work presents a novel hybrid early stopping scheme for the fully parallel Turbo decoder. The 

proposed scheme inherits the characteristics of the SDR and Regression analysis based early 

stopping mechanisms. An analysis of the computational complexity, based on the equations used, 

show that the complexity pertaining to addition / subtraction for the hybrid scheme is 

approximately 12~13% less than that of the regression based early stopping and 8~9% more than 

that of the SDR based scheme. 

The results demonstrate a slight degradation in error performance with the proposed hybrid scheme 

as compared to the conventional stand-alone early stopping mechanisms. The degradation in BER 

is around 0.5 dB on average below a BER of 10-3 when a block length of 3072 is considered. For 

a block length of 6144, the degradation is less than 0.2 dB on average below a BER of 10-1. 

Interestingly, the degradation in error performance decreases with increasing block length. 

Results for average number of decoding iterations reveal that the proposed scheme inherits the 

performance trends of both SDR and regression analysis based early stopping schemes. 

Additionally, the number of iterations for the hybrid scheme is lower than both conventional 

schemes throughout the full Eb/N0 region simulated. When considering a block length of 3072 and 

the Eb/N0 value of 2.0 dB, the proposed scheme uses 16 and 3 iterations less than the regression 

analysis and SDR based early stopping mechanisms respectively. In the case of a block length of 

6144 and the Eb/N0 value of 2.0 dB, the proposed scheme uses 13 and 2 iterations less than the 

regression analysis and SDR based early stopping mechanisms respectively.  

From the hardware perspective, the proposed hybrid scheme adaptively consumes power over the 

different channel conditions (Eb/N0 values) with a reasonable trade-off between error performance 

and average number of decoding iterations. Thus, equipping the fully parallel Turbo decoder with 

the proposed hybrid early stopping mechanism makes it an even better potential candidate for new 

generation communication systems.  



A number of future works can be done following the proposal in this paper. A straight-forward 

one would be to extend this work to duo-binary Turbo codes and investigate the performance. 

Another more interesting future work that can be carried out is to investigate the performance of 

the proposed hybrid scheme with the integration of Joint Source Channel Decoding with the fully 

parallel Turbo decoder. 
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