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 In this paper, an attempt develops three different methods, namely, Hybrid 

Maximal-Minimum (Max-Min) model with Decomposed Selective Mapping 

(D-SLM) in a UFMC, Modified Enhancement Asymmetric Arithmetic 

Coding Scheme (M-EAAC) and Dynamic Threshold-based Logarithmic 

Companding (DTLC) is carried out in Multiple-Input, Multiple-Output 

Orthogonal Frequency-Division Multiplexing (MIMO-OFDM) technology 

to enhance the PAPR reduction. These methods allow increased data rate 

request through threshold limit adjustment in a desired out-of-band (OOB) 

range, allows data transmission for the selected for the candidate sequences 

for maximizing the channel utility, data capacity and computational demands 

and varying threshold limit to analyse the nonlinear companding effect, 

respectively on D-UFMC-SLM, M-EAAC SCS-TI and DTLC. The 

extensive analysis shows that the proposed M-EAAC SCS-TI achieves a 

reduced CCDF PAPR, increased average spectral efficiency and redued Bit 

Error Rate (BER) than the other proposed DTLC and D-UFMC-SLM 

methods. 
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1. INTRODUCTION  

Scalable modulation and Multiple access with modifications in the network layer enable 5G 

networks to deliver max data rate (>30 Gb/s) [1], reduced energy limitations [2], enhanced service and ultra-

reliable low latency [3] for industrial applications. Many sectors are slowly introducing 5G services to fulfill 

user needs [4]. Orthogonal frequency division multiplexing (OFDM) [5] with a cyclic prefix enhances inter-

symbol interference (ISI) tolerance, which is the standard for future 5G networks [6]. This eliminates multi-

path fading and maintained the intra-channel interference (ICI) tradeoff [7]. Its wide bands, inaccuracy in 

data synchronization, and high peak-to-average power ratio (PAPR) due to guard bands further reduce 

spectral efficiency [7]. Further, PAPR reduced offers a performance trade-off between the complexity and 

latency [8]. The near optimal performance makes the complexity to be similar with FFT estimations [9], 

where both Universal Filtered Multicarrier (UFMC) [10] and Multiple-Input, Multiple-Output OFDM 

(MIMO-OFDM) [11], a practically infeasible one. 

To mitigate, such limitations, the objective of the proposed method is given: (i) To optimize desired 

out-of-band (OOB) range [12] using a weighting factor on PAPR reduction; (ii) To use appropriate PAPR 

minimization for maximizing the channel utility, data capacity and computational demands in MIMO-OFDM 

transmission; and, (iii) To analyse the effect of nonlinear companding [13]-[18] on PAPR reduction in 

MIMO-OFDM systems. 

https://creativecommons.org/licenses/by-sa/4.0/
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With these objectives, the following are the contributions of the research: (i) Depending on the first 

objective, the research developed a Hybrid Maximal-Minimum (Max-Min) model with Decomposed 

Selective Mapping (D-SLM) in a 5G UFMC (D-UFMC-SLM) for PAPR reduction. D-SLM sub-blocking 

accommodates the new data rate request by adjusting the tolerable limit of dynamic PAPR. (ii) Based on the 

second objective, a Modified Enhancement Asymmetric Arithmetic Coding Scheme (M-EAAC) is developed 

that reduces the high PAPR in sub-block OFDM candidate sequences [19]-[22]. It uses spatial circular 

shifting in temporal interleaving (SCS-TI) for diverse set generation of conjugated phases, which allows for 

the candidate sequence selection with the lowest PAPR for data transmission on MIMO-OFDM. (iii) Based 

on the third objective, a Dynamic Threshold-based Logarithmic Companding (DTLC) is developed for PAPR 

reduction in MIMO-OFDM [23]-[26]. The threshold limit is varied w.r.t the companding level under various 

companding level, which enhances the PAPR reduction. 

The outline of the paper is given below: section 2 discusses the system model. Section 3 discusses 

the proposed methods including: (i) D-UFMC-SLM, (ii) M-EAAC SCS-TI, and (iii) DTLC. Section 4 

provides comparative assessment of all the proposed methods over BER, PAPR reduction and average 

spectral efficiency (ASE), under various conditions. Section 5 concludes the work with possible directions 

for future scope. 

 

 

2. SYSTEM MODEL FOR UFMC AND OFDM  

2.1. UFMC Model 

UFMC is a multi-carrier modulation to parallelly distribute higher data stream with slow data rate 

across the entire sub-bands of B band with sub-carriers Nb and available sub-carriers Nsc. N-point IFFT 

handles sub-band data, and filters have finite impulse response, and it converts sub-band data to UFMC prior 

wireless transmission based on the 5G UFMC architecture in Figure 1. 

 

 

 
 

Figure 1. 5G-UFMC architecture 

 

 

The transmitted signal 𝑥 = ∑ 𝐹𝑏𝐷̄𝑆𝑏
𝐵
𝑏=1 contains Toeplitz matrix Fb with FIR response, matrix 

elements 𝐷̄ = [𝐷𝑐𝑝: 𝐷]
𝐻

 and a singular vector quantity Sb of the transmitted signal at sub-band b. The 

received signal 𝑦 = ℜ
(𝑁+𝐿𝑓−1)×1

is matched with transmitted signal.  

 

2.2. MIMO Model 

The MIMO-OFDM in Figure 2 contains an input stream (i.e., 𝑆𝑖𝑛𝑝𝑢𝑡 = (𝑆1, 𝑆2, … , 𝑆𝑁)) with ‘N’ 

symbols, distributed independently and uniformly. Quadrature Amplitude Modulation (QAM) is utilized as 

the modulation scheme with N-carrier discrete-time OFDM signal.  

 

 

 
 

Figure 2. MIMO-OFDM block diagram 
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Same phase factors for large symbols in OFDM result in strong PAPR. Thus, the PAPR trade off 

analysis using central limit theorem needs a Gaussian distribution channel. Typically, PAPR for the 

transmitted signals is 𝑃𝐴𝑃𝑅{𝑠(𝑛)} =
‖𝑠(𝑛)‖2

{‖𝑠(𝑛)‖2}
;  0 ≤ 𝑁 ≤ (𝑁 − 1). Both continuous/discrete time OFDM 

signals with a ‘L’ value >4, requires PAPR reduction. The complementary cumulative distribution function 

(CCDF) for MIMO-OFDM is 𝐶𝐶𝐷𝐹{𝑃𝐴𝑃𝑅𝑀𝐼𝑀𝑂{𝑠(𝑛)}} = 𝑃𝑟(𝑃𝐴𝑃𝑅𝑀𝐼𝑀𝑂{𝑠(𝑛)} > 𝑃𝐴𝑃𝑅𝐴𝐷𝑇𝐻𝐷
) that 

evaluates PAPR reduction, where 𝑃𝐴𝑃𝑅𝐴𝐷𝑇𝐻𝐷 is an adaptive threshold. However, transmit antennas affect 

PAPR and hence MIMO needs effective PAPR reduction techniques. 

 

 

3. PROPOSED METHOD 

In this section, three different methods are proposed, which includes 1) D-UFMC-SLM, 2) M-

EAAC SCS-TI and 3) DTLC, where D-UFMC-SLM is deployed in 5G UFMC system model and the other 

two methods are deployed in MIMO-OFDM system model. 

 

3.1. D-UFMC-SLM 

Figure 3 shows substantial PAPR reduction with D-UFMC-SLM. It emulates a UFMC system with 

a wide spectrum band of sub-carriers Nsc and M-ary encoding QAM of order 8, 16, 32, and 64 to map data 

bits into symbols. It generates a complex symbol pack with parallel B N-point subsequences Sb. 
 

 

 
 

Figure 3. Block diagram of -UFMC-SLM 

 

 

For maximum PAPR reduction, each component N-1 is phase vector-treated. This element-wise 

multiplication works for real and imaginary components(𝐼𝑟
𝑈&𝐼𝑖

𝑈). A matrix 𝑆𝑟
𝑈 = 𝑅𝑒{𝑆} ⊗ 𝑃𝑈𝑆𝑟

𝑈 =
𝑅𝑒{𝑆} ⊗ 𝑃𝑈simplifies processes and the phase vector rotation (2, 4, and 6) generates signals: 𝑋𝑟

𝑈 = 𝐹𝐼𝑅[𝑆𝑟
𝑈] 

and 𝑋𝑖
𝑈 = 𝐹𝐼𝑅[𝑆𝑖

𝑈]. Modified component undergoes FIR and UFMC signals are analysed to estimate PAPR. 

The signal transmission with minimal PAPR is expressed in (1): 

 

PAPR = 10 𝑙𝑜𝑔10 (
𝑃𝑝𝑒𝑎𝑘

𝑃𝑎𝑣𝑔
) = 10 𝑙𝑜𝑔10 𝑚𝑎𝑥

𝑛

[|𝑥𝑛
𝑣 |2]

𝛦[|𝑥𝑛
𝑣 |2]

 (1) 

 

Average power is Ppeak and maximum instantaneous power is Pavg. The Max-Min approach using D-

UFMC-SLM to reduce PAPR is evaluated using the CCDF. Transmission uses minimal PAPR of a candidate 

symbol, i.e., CCDF as in (2): 

 

𝑥𝑢′ = 𝑥𝑢 {𝑎𝑟𝑔_𝑚𝑖𝑛
0≤𝑢≤𝑈−1

[PAPR𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 , 𝑅𝑒{PAPR𝑟(𝑣)
𝑢 } , 𝐼𝑚 𝑔 {PAPR𝑖(𝑣)

𝑢 }]} (2) 
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This represents the possibility of a minimum achieving the threshold PAPR𝑢′. When convergence 

occurs, the selection criterion functions under tolerable PAPR(𝑃0) data rate vi, therefore the computed PAPR 

is based on the data rate D at vD is represented as PD. this approximation is estimated as in (3): 

 

𝑃𝑟(PAPR𝑢′ > PAPR(𝑝0)) ≈ (1 − (1 − 𝑒−PAPR(𝑝0))
𝛼𝑁𝑠𝑐

)
𝑈2

  (3) 

 

 

3.2. M-EAAC SCS-TI 

This method uses MIMO-OFDM PAPR reduction using a decomposition of SLM with STBC at the 

transmitter (as in Figure 4). IFFT separates frequency domain subblocks into time domain. Each transmit 

antenna handles spatial and temporal subblocks. Each transmit antenna receives the best PAPR candidate 

sequence. M-EAAC moved spatially and temporally over random subblocks of antenna.  

 

 

 
 

Figure 4. Proposed M-EAAC SCS-TI at transmitter side 

 

 

Each broadcast antenna features spatial circular shifting subblocks and it construct numerous 

sequences by temporal circular shifting. The individual sequences at all transmit antenna find the lowest 

PAPR with possible spatial and temporal shifts while subblocks (M=4) and transmitting antennas (N=4) are 

used. Each transmitting antenna gets an odd subblock from a circular shift of two using odd vectors. 

Temporal shifting creates multiple candidate sequences and selects the lowest PAPR for signal transmission 

at transmitting antennas by moving even and odd subblocks. The temporal and spatial shifts of odd subblocks 

is expressed in (4) and (5): 

 

𝑆𝑠𝑝 = 𝑁 ∗ (
𝑀

2
) (4) 

 

𝑆𝑡𝑝 = [𝑁 ∗ (
𝑀

2
)] ⋅ [𝑁 ⋅ 𝐶

𝑀

2 ] (5) 

 

Where,C represents transmission subblocks. So, temporal shift with circular shifting (Figure 5) 

process on even subblocks minimizes PAPR. SCS-TI creates candidate sequences with  

[𝑁 ∗ (
𝑀

2
)] ⋅ [𝑁 ⋅ 𝐶

𝑀

2 ] information bits. After separating the transmit antenna subblocks, even subblocks is 

obtained from temporal interleaving. Thus, an exhaustive search finds the transmit antenna sequence with the 

lowest PAPR.  

 

3.3. DTLC 

The DTLC determines the dynamic threshold 𝛼 for each symbol based on its properties. Property 

based on signal median (𝑚) and standard deviation (𝜎). The signal loudness controls companding and 

decompanding, thereby the discrete signal amplitude at MIMO-OFDM transmitter is expressed in (6): 

 

|𝐴| = { |𝑆𝑎 |, 0 ≤ |𝑆𝑎 | ≤∝ |𝑆𝑎 ′ |, |𝑆𝑎 | ≥∝ (6) 

 

Companding reduces signal amplitude based on threshold ∝. Signals compress only if their 

amplitude exceeds the threshold and it will compress without losing data.  
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Receiver gets dynamic threshold to expand/decompress and it classifies companded signals by its 

amplitude. Thus, the received signals beyond the threshold limit ∝ are considered compounded and expanded 

using (5): 

 

|𝑟 ′ | =∝ −1 + (10|𝑟|−∝)  (7) 

 

High-amplitude signal compression at the transmitter introduces the dynamic threshold ∝ (𝜇 − 𝑙𝑎𝑤 

log). Offset simplifies receiver decompanding by smoothing transitions and adding the offset to the signal 

step helps determine the 𝜇 value.  

 

 

 
 

Figure 5. SCS-TI in decomposed SLM technique 

 

 

4. COMPARATIVE ANALYSIS 

In this section, the proposed method including 1) D-UFMC-SLM, 2) M-EAAC SCS-TI and 3) 

DTLC is tested over various metrics including CCDF-PAPR, Spectral Efficiency and BER in MIMO-OFDM 

systems. The parameters required to validate the proposed methods in Matlab simulation tool is (i) Occupied 

No. of sub carriers: 256,408 (ii) No. of bits transmitted: 960kbps/sec (iii) Size of FFT:1024 (iv) Length of 

cyclic prefix: 128 samples (v) Individual size of frame : 96 bits (vi) Modulation scheme: M-ary encoding 

QAM (32 & 64)  (vii) Length of filter:74 (viii) Total no. of sub-bands:35 (ix) Size of sub-bands:8 (x) Power 

Amplifier (PA): SSPA (xi) Interleaving matrix of spatial shift:4 (x) 𝜇: 4 - 4.5 

 

4.1. Comparison of CCDF vs. PAPR with N = 2 

In this section, the proposed D-UFMC-SLM, M-EAAC SCS-TI and DTLC methods are tested for 

CCDF-PAPR vs. PAPR (dB) under various transmitting antennas (say N=2) with total subblocks (M)= 8, 16 

and 32. Across all scenarios (2 transmitting antennas with 8, 16, and 32 subblocks) in Figure 6, M-EAAC 

SCS-TI emerges as an effective method for reducing the PAPR, which shows a 15.8% reduction at 12 dB i.e., 

highest PAPR. DTLC also shows a performance with a reduction of 11.8%. Finally, D-UFMC-SLM lags 

behind M-EAAC SCS-TI and DTLC with a total reduction of 2.12%. However, variations in the sub-blocks 

show a minimal or no changes in the CCDF-PAPR. The results show a better performance of M-EAAC SCS-

TI in reducing the PAPR over various network configurations, which shows its potential in improving the 

signal quality and spectral efficiency in MIMO-OFDM systems.  
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Figure 6. CCDF-PAPR vs. PAPR (dB) between: 1) D-UFMC-SLM, 2) M-EAAC SCS-TI and 3) DTLC 

under No. of transmitting antennas (N=2), Subblocks (M)= 8, 16 and 32 

 

 

4.2. Comparison of CCDF vs. PAPR with N = 4 

In this section, the proposed D-UFMC-SLM, M-EAAC SCS-TI and DTLC methods are tested for 

CCDF-PAPR vs. PAPR (dB) under increasing number of transmitting antennas (say N=4) with the same 

subblocks. Under 4 transmitting antennas with varying subblocks in Figure 7, M-EAAC SCS-TI shows a 

reduced CCDF-PAPR with increasing PAPR, which shows a 16.2% reduction at its highest PAPR. The 

DTLC shows a 12.1% and D-UFMC-SLM shows a 2.33% reduction in CCDF-PAPR, which shows its 

significance in optimizing the PAPR reduction for UFMC and MIMO-OFDM communication. 

 

 

 
 

Figure 7. CCDF-PAPR vs. PAPR (dB) between: 1) D-UFMC-SLM, 2) M-EAAC SCS-TI and 3) DTLC 

under No. of transmitting antennas (N=4), Subblocks (M)= 8, 16 and 32 

 

 

4.3. Comparison of CCDF vs. PAPR under Phase Vector 

In this section, the proposed D-UFMC-SLM, M-EAAC SCS-TI and DTLC methods are tested for 

CCDF-PAPR vs. PAPR (dB) under various phase vectors say U = 7 and 9. The CCDF-PAPR under phase 

vectors for the proposed D-UFMC-SLM, M-EAAC SCS-TI, and DTLC methods is illustrated in Figure 8. 

For all phase vector, M-EAAC SCS-TI shows a superior performance in terms of reduced CCDF-PAPR 

across the spectrum than the other proposed DTLC and D-UFMC-SLM. The precise requirements of all these 

three models generate a better PAPR reduction, wherein M-EAAC SCS-TI is favorable to handle the MIMO-

OFDM scenarios than the others. Meanwhile, the low CCDF-PAPR in all the three methods creates a balance 

between computational complexity and PAPR reduction. Figure 8(a) shows the under-phase vector 7 and 

Figure 8(b) shows the under-phase vector 9. 
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(a) 

 
(b) 

 

Figure 8. CCDF-PAPR vs. PAPR (dB) (a) under phase vector 7 (b) under phase vector 9 between: 1) D-

UFMC-SLM, 2) M-EAAC SCS-TI and 3) DTLC under various phase vector (U) with M-ary QAM encoding 

(=64) with Size of FFT 𝑁𝑠𝑐 = 1024 

 

 

4.4. Comparison of BER vs. SNR under Phase Vector 

In this section, the proposed D-UFMC-SLM, M-EAAC SCS-TI and DTLC methods are tested for 

BER vs. SNR (dB) under various phase vectors say U = 3, 5, 7, and 9. From the results of Figure 9, BER for 

D-UFMC-SLM, M-EAAC SCS-TI, and DTLC under different phase vectors shown in Figure 9(a), in 

specific U = 9 shows a significant performance. At the lower SNR levels range (say 0-4 dB), a lowest BER is 

achieved by M-EAAC SCS-TI, DTLC and D-UFMC-SLM shown in Figure 9(b), which shows its resilience 

against noise in MIMO-OFDM and UFMC environment. However, with increasing SNR, M-EAAC SCS-TI 

exhibits a higher performance than the other proposed DTLC and D-UFMC-SLM in high-quality 

transmission scenarios. The adaptive nature of these methods in complex environment shows a reduced BER 

with improved computational efficiency.  
 

 

 
(a) 

 
(b) 

 

Figure 9. BER vs. SNR (a) under phase vector 7 (b) under phase vector 9 between: 1) D-UFMC-SLM, 2) M-

EAAC SCS-TI and 3) DTLC under various phase vector with M-ary QAM encoding with FFT Nsc = 1024 
 

 

4.5. Comparison of Average Spectral Efficiency vs. SNR under various M-ary QAM 

In this section, the proposed D-UFMC-SLM, M-EAAC SCS-TI and DTLC methods are tested for 

average spectral efficiency (ASE) vs. SNR (dB) under various QAM formats, say 32 and 64. From the results 

of Figure 10, average spectral efficiency (ASE) for D-UFMC-SLM, M-EAAC SCS-TI, and DTLC under 

varying M-ary encoding QAM shows an increasing ASE i.e., shown in Figure 10(a) especially when M-ary 

QAM is 64. At all SNR levels (0-20 dB), M-EAAC SCS-TI, DTLC and D-UFMC-SLM shows an increasing 

trend in ASE, where M-EAAC SCS-TI with its dynamic nature achieves a higher ASE than its predecessors. 
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This further balance the trade-off between the computational complexity and ASE in MIMO-OFDM and 

UFMC shown in Figure 10(b). 
 

 

 
(a) 

 
(b) 

 

Figure 10. Average Spectral Efficiency between: 1) D-UFMC-SLM, 2) M-EAAC SCS-TI and 3) DTLC) vs. 

SNR under M-ary encoding QAM (a)32 and (b) 64  

 

 

5. CONCLUSION 

In this paper, the proposed study conducts a comprehensive evaluation on all proposed methods that 

includes D-UFMC-SLM, M-EAAC SCS-TI, and DTLC under various metrics including BER, CCEF-PAPR 

and ASE in MIMO-OFDM and UFMC systems under diverse conditions. The results shows that M-EAAC 

SCS-TI consistently performs well on all these metrics with reduced BER, higher ASE and enhanced PAPR 

reduction than the other proposed methods D-UFMC-SLM and DTLC, especially under diverse phase 

vectors and at higher modulations. While DTLC also exhibits a slight better performance than D-UFMC-

SLM, and shows its efficiency and adaptability towards both MIMO-OFDM and UFMC systems across 

varying channel conditions. Thus, the results offer a potential in reducing PAPR in complex channel 

condition and may further be tested on higher modulation schemes with increasing transmit antennas. 
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