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RS SRR IT — kB HOE . BT IH—fb L5 YR TR 2= F L) 0. 5; FIEF5IA K 4541
Jo W SRR A T R L2 OB A R L A IR RIS 15 OR R 2R U2 L okt

R, RN BERL LG . 5 08 30 B 28 0 4 (g AR ™ R L DI 2o
Loy =EL[$worm | =1 S norm [ ] (23) e v 23 DR A7 B B A B 5 G I 458 2K e AL AR L7, i
A Lo, O E R 0E BB R . TSR L 5 2K TR Sk Pz AL TE RE A AR TY
e 225 C 38 15 15 5 1% 83 ) R 7 R 1 R AR A 22 29 TR AE RRAY 2 B0 3 2 1) A% 46 SR L U5 B g i A% L 4y
[—mon])  FREY R B R WA AL SRS, AL BB it 2% 3 DA FM S, il 6.,
RAI R A 0..0,. 587N
¢.f:arg(§norm) 0.< 0. — " OL combined (26)
¢, =arg(s yom ) 0.
Ap =rem($p,— ¢, +7m,21) — = (24> OL ombined
{ ‘ 0, <0,—q 27)
L e =E [84°] %9,
iﬁ'?:arg( ° )ﬂﬂﬁﬁ%*ﬁfjﬁl;rem( . ,ZW)%QB?X# 0, «01—7] OL combined (28)
2m BUARIZ BT 5 ¢, KA B A5 5 AR IH — L 0 4 432 ‘ o0,
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FE A A — AT AR 22 5 L e H A IERIAHAL LR

Bk, 3.2 LWZEERIFMIER
Fe 2, HIE N B AR B AR R IR R A R 5 R 6 46 2R S RO B QPSK L8PSK .\ 16QAM 3 3 Fhif
B ARG FT 3R R il 2 7R A {5, 3K T R AL S0 oL A TR
L.=L,,+0.9¢L,. (25) 5 3R N [FAF 5 R 4R B o 4 A s i AT

AP Lo AE N RSB, fE HIE N Ak WNEHAE, REGBSHKME X LLEFE G GNU
LR S AR IR R TRE S IR T 22 s S REE L. Radio 4 % . {7 M LS [y —10~25 dB. 26K 2 dB.
FUE - X I BE 7 22 550 K G IR ) 2 R0 SR R S AR B RE T ESEESENE 1 iR,

®1 FRBRESSH

Table 1 Signal parameters at different scenarios

Y T 2 1 5 R WA CREEE/MHz  AIXTEEEE /s 385 R B/ He
75 8PSK+8PSK 5 MBd n/5 100 0. 06 1 000
Y52  QPSK+16QAM 5 MBd n/5 100 0. 06 1000
Y53 8PSK+8PSK 5 MBd+2.5 MBd n/5 50 4.8x10°° 750
ikt 4 QPSK+8PSK 5 MBd+2. 5 MBd n/5 50 4.8%10°° 750

Kol Uk BB B K B RO E SR O SEH A (bit error rate, BER) 3 RARFREIFINE R .

5 0 LI S 5k A A 26 L R 2 R SISNR: L 4F 88 f5 5 5 H AR 15 5 10 % 07

(BRI s A SR BRI B RO S0 M5 5.1 W YN STSNR it

FDE L AT (A 2 B, AT RSB A A R 4 £
HATA RSB 5 IR S ISR, SEIATE S0 00% — Sk by,

BT A 3 B RO A U530 R STSNR % R i W AR F AL p - AL B 155 15 H AR B

FHE R 1 (Pearson correlation coefficient, p) | i % P SR Y ST Nl A R R N S T
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&l 3.4 433 AR AE AN AR A 3 5 T - SI-SNR
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it SNR X [i] (—10~5 dB) 4, %3 5 SI-SNR (1 F
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(5~15 dB) N, 3K W il 22 , - 38 I 29 7. 6 dB;
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Fig.3 Average SI-SNR of the signals from four

scenarios after separation
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Fig. 4 Average Pearson correlation coefficient of the signals

from four scenarios after separation
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results for different scenarios
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Table 2 Parameters of different algorithms

Bk 28 {51
TDE-ICA AR REL 800
AR REL 500
NMF

BElES 5 16

T 25 A% 5L 8.16

IR 65022 3 128
TCN-GRU TCN $ ik % 1.2.4.8
GRU B )z K/ 384

i b U A 2

e 7 2 2 512

DPRNN MU A H i 8
W IR H 8

U8 i B 64

B K B 16

Conv-TasNet IR 650 2 30 A 128
TCN B )z i JE 4 256

LTI R gy 2

B UE AR ST 4 TCN-GRU A58 (14 43 250k ik
BT TDE-ICA™™" | 3 fft 4 B4 43 f# (non-negative
matrix factorization, NMF )" [ il 25 #3515 DA
Conv-TasNet"™ \DPRNN" 5 il 1€ 2 2 3] #5849 47
XPH . Herf TDE-TCA 3 i i i) S 35 i A X — 4 15
Fay 3 DL 22 3 L O PR SE S [ 8 Ak S 2258 G TR
L LI R ICA 5% A 25K s NMF B f5 5 7E 5



2026 4E

SEHBR,GF R T AR I B 5 A I S AR 4% — PRI PR BT B T R S N 121

AR R B — R R R S LR R, DL
PR R TR O B 0 T 8 B T 1 L o AR A R e Xt
o, AT DL B R R 2 2] J7 IR R 19 1k B CRER.
Conv-TasNet JF 61 P4 Hb 75 B5f 8 i F§ TCN 847 v 3
Uity 43 B, A RO T K B s DPRNIN D 2o 1 %7
F B N 5 B (106 B8 A B, iF — 2D 3R T T X R KT )
PR R RE . e LR A ALYE X L, B
R I S B AT 55 b B AR PR SOTA 48
4 o BEAE 5 TA% A SCAET X 18 15 15 5 1) 40 1R 8 4 ok
JIEAOMCE 1Y S B 4 25 . A 0 R S B A G ST
— B W 2 Frox, LA SI-SNR 5 7 R b A 256 &
BONVENFE 45 . 7E SNR 28 25 dB i@ {5 50 F ikf71 2k
REM, 45 R ANk 3 PR,

MR 31 43 88 % Lh 45 SR n] UL . A% 58 R TDE-
ICANMF 7Btk fig i 3 59 TIRIE S 2 KA, ]
SI-SNR #IL T 10 dB., B JR 0 AH 56 R BIIMEAR T 0. 85
DPRNN 4 Conv-TasNet 1h:#EH i T . SI-SNR #){H
350K 22,95 dB.29. 36 dB, B2 R #h A 5 R B 4
247 0.93.,0. 965 1M T $2 TCN-GRU fE£ i A 3w H 1
FHA , SFSNR #{E 2 32, 37 dB. B2 IR #MAH 5 R 5%
YHER 0. 97, F o Wik 7 HAE(E 5 0 B AT 55 i1k
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Bl LI 2% 25 K 02 O TR AR S 9 R S AR R R A
1. SR EAEE S W U RERE S T, H
RO P BT T4 2 vh 430080 22 A4S 5 R 22 5 i 1
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B AR TE R AT X X — A5 15 5 R A 0 W BB
T, I A SO ALY 43 B8 3SR He Conv-"TasNet Fl
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9.42 dB,

£3 FEE®E2 BREAESTHIBLER

Table 3 Separation results of different algorithms

under 25 dB mixed signals

RPN EEE YRl BF 2 BR3 BEa
SI-SNR/dB  8.52  8.25 7.83  8.06
TDE-ICA
o 0.763 0.752 0.768 0.746
SI-SNR/dB 9.81  9.56  9.03  9.36
NMF
2 0.794 0.816 0.776 0.783
SI-SNR/dB  23.55 24.02 17.65 26.58
DPRNN
2 0.923 0.934 0.915 0.943

SI-SNR/dB  28.52 30.06 27.25 31.59
Conv-TasNet

0 0.953 0.963 0.961 0.953
SI-SNR/dB  32.99 32.65 29.28 34.55

TCN-GRU
0 0.968 0.971 0.962 0.979

x4 NEREESHARIME

Table 4 Time consumed for separating mixed signals

(=873 HAREARHII / ms
TDE-ICA 0.6
NMF 0.9
DPRNN 1.5
Conv-TasNet 0.9
TCN-GRU 1.3
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Fig. 8 SI-SNR comparison in the GRU ablation experiment
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Fig. 9 BER comparison in the GRU ablation experiment
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Fig. 10  SI-SNR comparison in the AMFA ablation experiment
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Temporal Convolutional Network-Gated Recurrent Unit Single Channel Based on

Adaptive Feature Enhancement Blind Source Separation Network

PENG Ruiyan,GUO Wenpu” ,GAO Shaoyuan, MU Chenchen
(Rocket Force University of Engineering,Xi’an 710025, China)

ABSTRACT : To address the issues of insufficient long-term dependency modeling and weak feature-capture capabili-
ty in single-channel blind source separation for communication signals under extreme co-frequency aliasing and high-
order modulation scenarios, a single-channel blind separation network based on an adaptive feature-enhanced tem-
poral convolutional network-gated recurrent unit (TCN-GRU) was proposed. The architecture comprised four core
modules: a multi-kernel depthwise convolutional encoder, an adaptive multi-scale feature attention module, a
stacked adaptive TCN combined with a bidirectional GRU, and a multi-scale decoder. First, the multi-kernel
depthwise convolutional encoder ensured reliable scenario adaptability. Second, the adaptive attention module dy-
namically adjusted channel weights to focus on critical differential features. Subsequently, the TCN-GRU fusion
method captured the multi-scale dependencies of the signals. Finally, the multi-scale decoder guaranteed the integ-
rity of signal reconstruction. Simulation experiments conducted on four typical aliasing scenarios involving homoge-
neous/heterogeneous modulation and symbol rates demonstrate that the proposed method achieves a stable per-
formance across a signal-to-noise ratio (SNR) range of —10 dB to 25 dB, with the separated signal waveforms
closely matching the original signals and Pearson correlation coefficients approaching one above 10 dB. Robustness
tests with respect to the degree of co-frequency aliasing reveal that when the carrier frequency interval is as low as
250 Hz, the scale-invariant signal-to-noise ratios (SI-SNRs) for all the scenarios remain above 22 dB, and the bit
error rate (BER) stays within a usable range, with the effective operating boundary extending to 250 Hz. Com-
pared with advanced models such as Conv-TasNet and DPRNN, the proposed method achieves average SI-SNR im-
provements of 3. 01 dB and 9. 42 dB under a high SNR environment, respectively, reaching 34. 55 dB in the optimal
scenario. Furthermore, ablation experiments indicate that the GRU module significantly reduces the BER and the
adaptive multi-scale feature attention module brings SI-SNR gain of approximately 1-2 dB in the mid-to-high SNR
range, verifying the substantial contribution of each module to the communication demodulation performance.

KEYWORDS : single-channel blind source separation; gated recurrent unit; co-frequency aliasing; temporal convolution
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