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Improved Modulation Classification Algorithm Based on
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Abstract

In this paper, we propose an automatic modulation classification algorithm which improves classification
performance, based on the Kolmogorov-Smirnov (K-S) test to classify various digital modulation schemes such as
BPSK, QPSK, 8PSK, 16QAM and 64QAM. The proposed K-S classifier employs the real and imaginary components
extracted from received signal as two different decision statistics, and the mean square error between the empirical
cumulative distribution function and the theoretical cumulative distribution function of the decision statistics is
employed as a new K-S statistic. Through Monte Carlo simulations, we show that proposed algorithm outperforms
conventional ones in terms of the classification performance.

Keywords
automatic modulation classification, Kolmogorov-Smirnov test, mean square error, flat fading

* SFF st AR FE E4F e} - Received: Aug. 29, 2017, Revised: Oct. 24, 2017, Accepted: Oct. 27, 2017
- ORCID"; http://orcid.org/0000-0001-6647-5752 + Corresponding Author: Dongweon Yoon
- ORCID*: http://orcid.org/0000-0002-0618-4926 Dept. of Electronic Engineering, Hanyang University
* Lokt sl M 7| &sty) W 222 Wangsimni-ro, Seongdong-gu, Seoul 04763, Korea
- ORCID: http://orcid.org/0000-0002-3733-0148 Tel.: +82-2-2220-0362, Email: dwyoon@hanyang.ac.kr

oo QOPTISIIL SIAAFER WA A
- ORCID: http://orcid.org/0000-0001-9631-3500


https://crossmark.crossref.org/dialog/?doi=10.14801/jkiit.2017.15.12.131&domain=ki-it.com&uri_scheme=http:&cm_version=v1.5

132 Kolmogorov—Smirnov 7274 7|4t /|4¥ Wz E& &

.M B
A WZE EF(AMC, Automatic Modulation
Classification)= Al TZH A® & HF Hof &
TheFgE Rofoll A 218 A MES o]8slo &
A Az HE WAS AAsher AMEn
HEog 2% Wz EF WHe & 7
(Likelihood-based) W3 57  7|4KFeature-based)

G B SE PR SR MES 59 QAR

Hlaste] Wz BFE £33 o 2ot 9y

T

7H-Alot  Z2(AWGN, Additive White Gaussian
Noise) AHEeA HA9 Ass ATy, #Held,
a9 9 Fobg 0 Al 18]3 SNR EYA]
S 3% €3 8l FHoFet =2 A EREE
a7 F=3 54 7 e #FEUE
(Cumulant), 57] AAH4(Cyclostationarity), =A] 2

Z 94 2 Fg, 2HEZ T3 (Spectrogram)
24 As2RE AN DR 5Y5S e
2173k (Neural Network)

Qs

Decision Tree),

o183}l

B}

J
o
Ir
N
HE
kI
B

A

ol r
offt
o
(o
il

o ff tlo rE o
Mo
o,
o
[

m{m

(Empirical ~ Cumulative  Distribution)
Kolmogorov-Smirnov (K-S) 7374 7|4k
agFo] AJHAHT]. K-S HA 71
AMe Az =7, 94, Fdu
o gukygo g pSK AE9 QAM 4l
F3l7] IAAE Ha o] AHgE YuHoz

=1 é?’:
Mz ERdAs Au

K-S 74 79 A% 7IEE
2-D(Two-dimensional) E7F717} AMEEY, 2-D EF
e & Aee 47 H8 R B2 AEFE
L7ET8).

okl

g

alx

H

L

16QAM, 64QAMS]
&l 1-D K-S EF7|2 A5}

=&l

BPSK, QPSK(4QAM), 8PSK,
gAg 7)1AdS HE Ao

AL
NAE Fse 2t Wx &7 ¢ugss AXNg
t} ol& {3, Al NS ERE FE3 AF 2§
F AT A4S HZ g2 F Y 2F BAAZ
ARESH, 24 SAXY A3H 4 £x4 4 ¥
B OAZ ] oA o] &3 ((Theoretical) 724 #3E

7te] At AF LXHMSE, Mean Square Error)S

2§ KS BAAZ Aty Wz EFE FYT
th T3 AFE AEdelAS 53 Wz £ &
g BHoA At dugE 7€ K-S AA 7
W dugES vl 2 BA8a, o]E B AgtE
dugEo fFaxds A5sih

. 2 =
21 Mg z=H™l

27h WA AN g A ol A

T A (1) Zo] AT & 9k

y, =z, tw, n=1,...N (1)
A7y, 2, w, e A F2 AT, FA S,
Fes Yehlly, N AZ FE Yt e
£¢ &5  EF(id, independent identically
distributed) 9} B2 7F$-AleH BE N(0,0%) 2 wE
o ZHgs & #e9 A5 2 &5 AR 44
S NZ FYS AL BE M0,0%/2) 5 7H
o SAE AR (,...0y) 2 FH HEZR AR
AT (M, Mol &3 9 AEE M
ZYEH 7} A5Ho] $Y3 FER FE2HW, it
A lolgtal 7Hg3th o] W, A= $R Wiz
Wael Foju, WME BRe 2l 4E
{yp - yatoll 712310 S8 AEo] &3 A
ME Ao zy Sa9 & gtk
22 7|1& K-S A 7|8t Mix BEF

K-S #ABL FEA FZE3 dojey £xo}



Journal of KIIT. Vol. 15, No. 12, pp. 131-138, Dec. 31, 2017. pISSN 1598-8619, eISSN 2093-7571 133

K-S 24= 7]

2 |l

=
&

RN
=
o -
RO -
"o _
- K
N
N

A~
_ZT ‘_l__.mU
Doy
o} &
<R
ﬂm "
<R
A fo
" o
CUESY

it

<A
bl

th =

I

o

=
T

S}
=

Marcum-Q

L
T

047]}1 Q1(a7 b)

23
o

"
I

"

i

th o] W, £,

tllX 24 FAA 2,9 ol

S
F

w2
)

[e)

T

2z

2 |zl
g

k=1,...
2 7}A7) W&, olefs} 2

o

ZER+,

(z)=1—

k
0

Fada 7}
goe nes 2t

(Indicator
@)
% 2ol A

A~
o

1

kel
=1

[e]

=}

o 2o,

o

L

A|A]

L

.

7HA
3HH, D,

50

Q

[e)

e

0]
K-S A4 D,E At

kil

function)©] TH7].

=)

O

ojn
o

0

~

A
NI~

O

4

o

<

=
T

@)

o N

st} Lperd

S

V2 (z—z)

o8

o

=

=

A m%m
2ER,

1

Zon—1 :Re{yn}7 Zon :Im{yn}7 n= 17 o

3} ZHo] Gaussian-Q ¥ @,

L

.

e o w, D,

o

(2,)

0

Fr2 4

002 $P GeA

[e)

L

ady AgaE F

Fl(zrz)_
LK

max
1<n<N
1,2,..

D=

k
g7h Harh He

o
LK

1,..

2
wn
é,

W

(10)

O 2ol

p
T

o

|

|
-

Im {y, }
Re{y,}

k

tan
1,...

o 7%, BRI} A5 §8 2AN

n=

alkca

Al
Va (ejg +w) 9] &

z, =4 (yn)

PSK

D,

K}

kA1, ...,
5 2t}

arg min
[e)

j=]

o}

Z’fl = |y7l|

k

L
L

A

o} WA, =7] 7)4 K-S
A



134 Kolmogorov—Smirnov A4 7|4t AXE Wz 2§ g2

f(l16)
jee) 2 P —_
:%/ Aexp(_ (A2+1 2/\2cos(¢> 9)] 0
yiyea 0 ag
(11)
oo ABE M, A 2, = 2 (y,) S FA
B2Y g4 g3y 2o

(12)

m

27
ze[o 2m)

IMkI

m=1

23 Hletet K-S HE 7|4t M=

71¥ K-S #AA 7
o A7),
SAAZ ARSI, 41
AA 9 Z
HFAl E}ol| &

[N
rlo

ol
lo,
it
o,
*0,
Dy
iy o>

D o e
e
B oo ox! ol

S oboae o o d

o} =
N, o |
AC)
i

7

72}

oft
b,

f
e
£

Sus
b=l
fij
4
o
iuj
5
o
)
Bl
ox
1 HE
o
N
off = ox

22}
£ =
N

ox Ob rE o N
of & BN A

tlo

o

W]

~

%)

S

=il

N

i

>

ojo any

:(x)g

O

L

o

ful

rie

i)

>
o

(BTG N o o [ W= T

2 ol
XN fo
f >
A
e
)
0
_El
e

fr & 1o om >
o ofl
A
(A
T
to
N
il

Aol ofQ) B& THRAE #EE THElse.
B2 Rgd A% 4R 2 5 AR 398 7
SARE EE M0,0%/2)S /HY wed gele)

A= M, AN 2, B oz, 0 A BEE A5
Fy g Fyz, 8 Bt 20 Gaussian-Q 55 &

Fyg(z) =1~ m%( V2 (x ””)) (14)
ERe{M} g

k=1, K

F&Z{z(z)—lf (x)QO( V2 (z—2) (15)
o EIm{M} g

k=1, K

ol W, 4 (149 A% pla)E AT Re{as) el
A ze] B gEoH, 4 (159 3% pla)= A
& {24} WelA 9 24 FEolck

i 1:}9— N (14)-(15)0i—‘?'—151 7:“}\]—?5]—

X % 'rs’Jr 4

A4
QHE AN ol2d
ks BAXE Anac
4 () 2ol ¥ vA ¥
S B D A
54 HAE ZAEG
o) i 258 99 2
L BB IS

11,4

i
d

w2
o Ay

= o ﬂllm
ot

N Hz
o~ el "
N

o

o 3

2
Fl

0

>
-
o
Lo,

1>
=
i
g
o=
z
N
rI
O]

¢

r
i
M
~|
oot
4
1o
2y
5

-

=,
[
m

H

2 o
b
k)
>
s 4
A
K
9,
=

2% oo N

R
rie
i
M
o

Lo K
2
M Hr 2 oo

o
|
O,

o
IS
&
oft

=2,
>
o,

ﬁd
o
L o
o
2
ZTi
2 1

o
£
F
c

o
£

oy |
Qt
2
=0
of
M
bl
o 4
o

o
-
dfu

ot 4t & W Tr v

(e
=
f
Ho
o~
w2

o 2
Bk myY

—Hr 4r oo

o )y o A
>

o,

of At d

fo

R

ML o
b

2
R

i
il
o
o
K

M (z,) — FiGz)F

n=1

Dk _
D=

4 (139 F Ae 2 FAA 2, 2, 2
gea go] Nz g F A9 Ks B4 Dy,
S} blzf&sz-z@% ARk 5 gtk

N 2
MsEl El| UZI( " [)|

n=1,..

(17
N



Journal of KIIT. Vol. 15, No. 12, pp. 131-138, Dec. 31, 2017. pISSN 1598-8619, eISSN 2093-7571 135

N
. “ 2
dmsz«;@ = Z |F1(zn,Q) _Fokﬁzg(zmg))’ (18)
n=1
n=1,.....V

of W, Dy, Dg,® Tl Havl g Wz
WA Ao d Wz B2t S99, gt

o] vehd % 9k

. N o
k= Dysi +Dk, 2 19
arg kEI{T}IH K}< MSE 1 MSE, Q) (19)

24 =old oMol HE Z7

A Ho|Y(Flat fading) Adolre] 25 md&
O3 Zo] Yehd 4 Stk

y, =Hx,+w,, n=1--N (20)

o714 He B4 Al'd o] 5(Complex-valued channel
Holgd AdoME Az

slett.
wA, A 270 1= o RS A A (20002
FH Ogy 28 4E 78 4§ gl

E{ly,[}= 0P B, f}+0* = |HF +0° 1)
EXEEER RS RLEEE b

dgo] jo)gkn getgonR Bl fl=1 v,

FA% A9 A7) 1B & U go] A &
9}]\

o

=

= [ Dl P -0 (22)

Agst0] FASYOM, o W FHF ALY 9
i Tt 2ol AN & 9tk

eI (24)

S Hlw @ E43th BPSK, QPSK(4QAM), 8PSK,
16QAM, 64QAM 5 7FA¢] TiAE 7|AH Y Wz
w2 AESE v=100S 23T

a8 1o AWGN AdoA QAM WHZE W3
PSK Bz WHe) it B Ao 474 Ueiith

S
a9 194 B F gkl Ak gaglge] F
Wz g B giEl] 3 2R A gAs)
= AL A F ok &3 SNR=10dB ©]/dol A
Al 7 g 00%<] 7 4 3
7

o] 3~10dB T-7}

Abst duEls BRo 943 A5S HolARL
SNRO|] =oPAE H/F Asol 8%= sk &
e Holm 1 o]99 Fihxe AIjE garg

A
2o J1E F dueE wo S5 A5S nal,



A

ANl

PN
=

136 Kolmogorov—Smirnov 773 74t 7} il

=]
R

>
= 0.3 o ~| © KS based; proposed
© > K8 based; conventional [7]
B02F - | ¢ Cumulantbased [10] [~
—4QAM, 16QAM, 64QAM
[0 I - - BPSK, QPSK, 8PSK
0 L 1 L i
0 5 10 15 20
SNR (dB)

=2 H2 Mo

% 1. AWGN ®ZolM SNRof| w2 2&/ Ms
Fig. 1. Classification performance versus SNR in AWGN
channel

0.9
S
=08
L
% 0.7
[%2]
<
O 0.6
Q
Lo5
3
5 0.4
=
=0.3 -
S ——KS based; proposed
s 02b |7+ KS based; conventional [7]
E ——Cumulant based [10]

. o

0 . i . ;
0 5 10 15 20
SNR (dB)

& 2. AWGN #{ZollAM BPSK, QPSK, 8PSK, 16QAM,
B4QAMoIl CHSH SNRol| 2 27 Ms

Fig. 2. Classification performance versus SNR in AWGN

channel for BPSK, QPSK, 8PSK, 16QAM and 64QAM

T3 Aokt ¥aEES A SNR YA 7]E
K-S #4 dugls i A" &7 Ass Bol
= As AT 4 Qi

ad 3 2 ad 40e HE Fold AdolA
QAM WZ Wz pSK Wz W49 £F AsE
24z gepfdtk. 2"l & 4 91kl AWGN
Aol Mol w7k 2 QAM W Al thsfA
= Aok gagFo] ¢ EF 4o HolH,
FEHE 7 FuEFY A4 EF Aol 80%
o +Hgct

0.9
S
= 0.8
2
% 0.7
[%2]
<
O 0.6
8
£ 0.5}
3
v 0.4%= 5
2,.5F% ‘
= 0.3 s 1 © KS based; proposed
g x KS based; conventional [7]
[ 0.2+ ¢ Cumulant based [10]
o —Known channel

0.1} - — Estimated channel

o . i .
0 5 10 15 20
SNR (dB)

a% 3. "et "ol (flat-fading) X'doll A 4QAM, 16QAM,
64QAMo1| CHEH SNRol| 2 2F M=
Fig. 3. Classification performance versus SNR in
flat-fading channel for 4QAM, 16QAM and 64QAM

-

0.9
S
= 0.8
Qo
% 0.7
o0
£
O 0.6
B
= 0.5
3
5 0.4
> b =<~
203 © KS based; proposed
2 = KS based; conventional [7]
-8 Q.2 F - oeen ¢ Cumulant based [10]
X —Known channel

[0 T T . — - Estimated channel |,

0 . i . H
0 5 10 15 20
SNR (dB)

T2 4. HEt 10| (flat-fading) oAl BPSK, QPSK,
8PSKoll CHEH SNRofl 2 27 ds

— T oo
Fig. 4. Classification performance versus SNR in
flat-fading channel for BPSK, QPSK and 8PSK

Ty PSK BE WA 9 AWGN Ado A
o} =g] SNR=5dB o]atellA] A|okst &

K-S 7|4 ¢agls Hop 942 2§ A
A& AT 5 A} o]e W
Ad sietvle e AA g3 34 g Aol
A7 AsiAEH, 2w s ojdste 7]
K-S 7|9k d32]E B} 4159 379 44 F 7}
A BFE o]gshs AdS gagFo] oyt

=
=
T
SN

VAS

=

frore ey
N o

to

Aol S o gol 7] ot uehM F o
Aget Ad 0] 7ksd SNR=5dB o]d9] E&



Journal of KIIT. Vol. 15, No. 12, pp. 131-138, Dec. 31, 2017. pISSN 1598-8619, eISSN 2093-7571 137

SNR Fgellde Ade Fuglgo] 3 EF

M

¥ 19 SNR=10dB & w] Z} A delA PSKe}
M

WE WAl oE BF A5e sAfoz

E 1. 2t ol PSK2E QAVOY ThSH SNR=100B0 A 2]
25 M5

Table 1. Classification performance at SNR=10dB in each
channel for PSK and QAM

QAM PSK
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