20254 st=nSAlst?| sHHISE S =2 3|

N

Hardware Impairmentd 73213 A5 CNN 7|H A5 Hx BF &g
3}

[e)
284, AP, A%
St g3 A AE o

{sopoysc, dante0813, remero}@hanyang.ac.kr
Hierarchical CNN-based Classifier for Robust AMC
under Hardware Impairments

YunSeol Cho, Hanvit Kim, and Sunwoo Kim

Department of Electronic Engineering, Hanyang University

a0

B =82 hardware impairmentZ 11213 A%3 CNN (convolutional neural network) 76k Abs MR B dug S AA S
2 B2 #A oA hardware impairment LA Al 41 A& AHIF FEH AF WE BH Asol g3t o 9, hardware
impairment‘)ﬂ wer DA g SAS wgE] Slsko s wfvs 2483 }Ui, At daglEe v BRVE 289
A9 C ot ME 7] u% FAG AlEd ol A At daelFo] 7]E WY CNN 7|k E577]0] vlgte] =& Wx
i "é%% EfY S g9lsdl o, th4 9] hardware impairment’} £t §A1 340 A1eS gelsiltt

L A= g <P Received Signal
- Stagel
s Mz ERE FA AS g AFAA R glo] s Wz 5 Analog Mod Digital Mod
$2s st 7]%§ Ao Bz 9 4 ds 54 Ao ! Stage2
du (L A2 Wepd N A4F Wz B a7 29 D et
53 9l o} [2-3], hardware impairment A 0. & ¢l&to] 4241 I t 1
& AR} THE A B2 Ao A48 A BE Ao e Souwe FSKs APSKs PSKs
[4]. wepbA £ =i "1 = hardware impairment’} A8 m m Stage3
SANME I AeE FASEZR AAE  multi-input FSK GMSK 16APSK 32APSK
hierarchical CNN (convolunonaI neural network) 7|WF b5 WZ Hardware ; v T
25 dugSS Aoteta Heg A e Impairments  BPSK QPSK 8PSK 16PSK
II. Hardware ImpairmentE 13 A3 4 79 1 A28 ONN 7] AE Mz BE wan
£ =Fe 29 1% 2ol 9d dzdozvy ded %t/ﬂ Ao A ofd 21 Mzl A& AZ 2 F34 W32 Holy
. . L ol A = U= o= il = s
Q57 AR hardvare mpament2 U3kl A1 as GO0 AER SRR RIAL R % P AR A
FA AL s nydth # =fellA 2#she hardware A20 olelat ol 2 Wolats] flahe] Ba [Q AADS A
1 1 O AN OlA} O I — ;(];\,L_ UT [SIa heS = 7 - 2= 27T
impairment 84+ 9% %%, 1/Q (in-phase/quadrature) %1% g2 Roz Hae oAy gdoz wMasn 139 CNNO
A4 &9, I/Q DC (direct current) offset, CFO (carrier frequency ., ., N ;}L == o2 W3l 9
offset), 22t % 33k vl AF dftoln, A A5 s(¢)ol g 4 H;];_ e ogza W OAY AsE 24 A% A m
o T =2 =70

L o] A o5
A% (0% ek 2l Ao wReth AlE 2as ié‘léil%ﬂﬂr 2749 CNN&  #g3to]
r(t) =[(a - s(t) » 9D +5) « I L q($)] + (), (1) ol ‘?LE 215 & AM(amplitude modulation)¥} FM(frequency
= = = . modulation) & %23}”4, A Zb-F ok muRle] A Fakg Aol
A1 ¢(t)= AR AE, 6= VQ DC offset, 473 CFO, ”(t).t d&Hon Riste 54 aﬁﬁh;}r AZE 2be _éi_r?ﬂ?‘—i s
AWGN(additive white Gaussian noise)olth. ¢ =(1+¢,,) - ¢ /go]ej ool EAL  wdsly] st Q  AALTH
°li ¢, €, A4 1/Q IF F A 20 Aot viAdd = AHERIY stojHE §j¥S F&ste] tAE ¥Mx JLE
d(t)e th&3} 2ol Aelgt FSK(frequency ~ shift keying), PSK(phase shift keying),
, , APSK(amplitude and phase-shift keying) A9=Z ¥HF3atH, 7
d(t) = Byls () + Bsls (8P, @ e 129 2 2349 CNNe2 747 Held § 3§sel Ad

A ANRE > 3 = i Ly ] 51"9‘3]]:]'

047]."1 By, By Z.”% 27k 5 33 ¢ ﬁ]T*aj Lebdi, O]'C_RF AZ 36 A8 Wz ABE Adw AN Wz wAow
(radio frequency) EIE_OHH HAste vdY S40R Aae Fettl. A& 3a9t 3be constellation diagram¥ 123 CNN&
I IS A e SR, ggele] 77 PSK A AEE  BPSK(binary PSK),
III. A15% CNN 7|8 25 ¥z B7F QPSK(quardratic PSK), 8PSK, 16PSKZ, APSK Ad 4158
Mmoo . I 16APSK9} 32APSKZ #-5-8tr}h, PSK= dA S A& A A2 o2

= = hardware impairment? 7t tzﬂo}f . A Fger Aol wdstA Eio}ﬁ, APSK:= Eo &
multi- mpgt hierarchical CNN OLEE]UE A<t Sy oA e 2@l AlEo] B wue Aoz
i oty ol WA A% et 2ME2 g 204 ONE Faahe] FSK
= x 7} o x =
7:”1 — zo}jti‘ o ﬂh s ;i}?ﬂh E}H ad Ad ANEZE FSK9 GMSK(Gaussian filtered minimum = shift
T el . sy s keyingE  RFSE, Fugs ol wWAel e Az-Fis
AS 12 1VQ AAE dolget 144 CNNS &&sto] 2l Toolo] A JeEh}s Basr Fud do| S a&std)
NEE ouza 2 049 WE A5E od RRan. A A5 Tk el S e,



20254 SHREAIS

100 T T . T T T . . T
80 D
— D
B
g 60
-t
=
[S]
3]
< 40
O
=
= 204 —o— Single-CNN i
—e— Single-Input Hierarchical CNN
g Multi-Input Hierarchical CNN
0 1 1 1 1 1 1 1 Il 1
-10 -8 6 -4 -2 0 2 4 8§ 10
SNR (dB)
79 2 SNRell w2 CNN 7]8k Bz &5 93 45 vla
IV. Al Edol A Z3 ¥ &4

B =82 hardware impairment’} 48t 40 AHE Wz
st ey AL ¥ 1 9 # 29 2 & 10719
W2lo] ko] zF Wz W2 @ SNR (signal-to-noise ratio) &
1100719 AES A AdE AzsE Q AAY,
2~ANEZ T constellation diagrame® W3 Eglom 7zt WHx
WAl EAd Agke qlE® YEE AEste] CNN EHd
Agetarct 98 FFol e} epoch v 2] 835t
a9 2% SNRO| w2 A 7kA] 2d Fxo] B AYEE wjuel
Aztolt}. Single-CNNS ©d CNNO® A Wz WS E7shm,
dege ~dERZOYOT IAHHY Single-input hierarchical CNN-2
ASE CNN Fxoln], BE AlTdA 2fEzTnks 8oz
ARE3HE Multi-input  hierarchical CNN2 2 =FoA]  Aels}=
dugFo Wz Wo] Ao we A Y-S AolsiAgth
ARt ] FE BE SNReJA F vjal RdE £ B ASEE
25tk Single-CNNS ¢ 2dlz BE Wz d2S FAd
ERetnRE, Wz 2] Adoldk 549 5ol o]#9] v SNRoA]

i Aol A AstEALE E3 Single-input hierarchical CNN-

(& ML
BN T
ftf
Z o

o ¢

BE AZA 43 d8& AMsER iz v ¥ BEAS S79)
uhedalx] et} Aol dulEe AZE CNNS Adste] A5S
gARer BRomd 74 WA HU ded BF EAS
Aelsta, AZER 2 A EA A3 9ES Fegomn x>
BEF ASES gAslt
X1 ¥z &7 AY 34
3} 2] %
CEIFET AM, FM, FSK, GMSK, 16APSK,
< 32APSK, BPSK, QPSK, 8PSK, 16PSK
SNR -10 ~ +10 dB (2 dB 7+4)
A ol
epoch 10 (spectrogram/IQ AA4Q)

30 (constellation diagram)

¥ 2. Hardware Impairment 3}2}n] € 274

gz2tH H &
A = 0.001

/Q %% &4 0.01
Q $1% &3 0.005
In-phase DC 2.4l 0.001
Quadrature DC 2 XAl 0.001
22 WA 93 Al 0.003
32 Ay 93 Al 0.001

2| SHHIS et =2 H|

Confusion Matrix (%)

AM 1 00000 00 0
FM| 4 0 0 0 0 0 0 0 0
BPSK| 0 0 1 3 300 5 9
% QPSKLO 0 5 17 00 10
% 8PSKF O 0 4!34 4 0 0 1 1
; 16PSKFO 0 3 13 36 47 0 0 1 0
= 16APSK+0 0 1 1 1 T 17 0 0
32APSK|0 0 0 0 0 16 0 0
FSKLO 0 1 0 0 0 0 0 6
ouskp0 0 41 3 4 0 offf
> §%$§$§$§$Q$Q$Q$ &
FTFg 8

Predicted Labels
2% 3 A%3 CNN 7]y W% 55 Confusion Matrix

a8 38 Aet 2ag]E9 confusion matrix®, WE WAE BE
s AAH o Yepdith AlEdeld A3 AM, FM, FSKe 244
9R%, B6%, R2% E BF AFEE GAsT 53] AMZ FM2
~AEZ YA e AT dElS 2b7] wliel 2D CNN&
T 5ol anpHor o|Folxl Aoz ghtErh W 8PSKE
16PSK= 44%, 16PSKE 8PSKZ 36% SWFHom 16APSKE
32APSKZ 17%, 32APSK: 16APSKZ 16% QEFHdcth o= 94
2tz o] Ws uak PSK 7k, Hd 71E 2 94 23bo] 4K APSK
ke F2A FAMel st SAfolt). gt duElEe W v|WE

I~

S w98 xdy Bl 2E dolsiA AATeEN
i 4ss GAsark
V. 28 2 97 %%

£ =2 hardware impairment’} £A8HE FA A ASH
CNNS €83 Wz 27 gugss AAdh. Algdold dd
At dag]Fol dd CNN 52 gd 98e AMEste A5l
Hlgte] £& EfF A9EE GA4TE IleGrt. &5 AF=E=
th4=9] channel i hardware impairmente] 25 -3

¢}

e E
ACKNOWLEDGMENT

=& 2024dE AFEPleAREAR Y] Adew
g Ade] A9 ol aE A7 (No. RS-2024-00409492).

o] =

FaEd
[1] T. J. O'Shea, T. Roy and T. C. Clancy, "Over-the-Air Deep
Learning Based Radio Signal Classification,” /JEEE J. Sel Top.

Signal Process., vol. 12, no. 1, pp. 168-179, Feb. 2018.

[2] T. Huynh-The et al., "Automatic modulation classification: A
deep architecture survey”, I[EEE Access, vol. 9, pp.
142950-142971, 2021.

[3] B. Jdid, K. Hassan, I. Dayoub, W. H. Lim and M. Mokayef,
"Machine learning based automatic modulation recognition for
wireless communications: A comprehensive survey”, [EEE
Access, vol. 9, pp. 57851-57873, 2021.

[4] E. Perenda, S. Rajendran, G. Bovet, S. Pollin and M. Zheleva,
"Learning the unknown: Improving modulation classification
performance in unseen scenarios”, Proc. [EEE INFOCOM
Cont Comput. Commun., pp. 1-10, 2021.

1070



