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Abstract

This study develops an ultra-wideband channelization receiver for electronic warfare support equipment that detects, collects, and
identifies non-communication signals using C-K bands, such as radar and missile seekers. This study presents a direct sampling receiver
structure that can receive an instantaneous bandwidth of at least 1.8 GHz and a one-step frequency conversion superheterodyne receiver
structure. We apply the polyphase filter banks structure for channelization of the instantaneous bandwidth as well as obtain the final
structure and design parameters considering the overlap between channels to design ultra-wideband polyphase filter banks that channel-
izes an instantaneous bandwidth of at least 1.8 GHz. Furthermore, we present simulation results. Finally, we fabricate an ultra-wideband
channelization receiver by applying the proposed receiver structure and validate its receiving performance through a signal injection test.
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Fig. 1. Direct sampling signal processing.
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Fig. 2. General direct sampling receiver structure.

o)sh, e 3ol A= B HBE} Fo] o
BE S A5 FA719 G gl gol LgHol
FAGET A B2 AL gtk old] ek 1
3 33 7ol Y 224

_L
o
j&
}
{m
9..
18
o,
%
¢,
fol
T
ol

AF2E v Al
I 4= RF AR 48 RF ASE w7]ste
N9 422 Wry, 428 g godsade g 4
BB
221
| »
0

J8 3. ds74E 2

44 A= A2Ag
Fig. 3. Multi-path direct sampling signal processing.
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galo] AL, o) F FAEE A4 AZFehe 54
FZE O 200 FARES FAND £ 9
9% 1) EA] NEE ﬁ@ % QA
AZ7t §EZ QTHER RFFA
ERR 7174 wiel am.
wehd, B =R C
B e oz s A4 A gH e sla) 2
) 2AYGES 92 F U3 UAY
Ad3hE SAgoH
Alergi
0)01]}\1 Amsl vpel Zho A Al
54 glol 2 758 2AUGES ADC 4EY F

=
quTJ Ak ofso] i, AAl X4 ADCO| 9 Fhd
E [ez]

JLJ
o
3
o
o
¥
>,
-4
EN
-3
X

ZYONR ) 54< 2est Ist Yol AXE (0~
192), 2nd HOIFALE GE(fy2~f), 3rd Lol H2E 9
(5~3f52) Hel AL A7t ket ool whet 1
| 59 2ol A ZJJrTfSI [ A The Tk
2 1,290 3, 47k 2 o Utk " 59 "4 M
slgshs o e AARRA sl A, B
ADCRIe.Z= H5ge] lom, g dE e 2AE
S92 AEeh f2, £, 32 Fe AR U= AT

T 9tk webA, 19 59 ADCF ADGE HEE AR
Sh 143 2FC R FAHGE], 204 2HOE AU
22 o] 7hgefA o] 2O 2W Alstd |
A HoE R ulEd 4 9t 1:1:{5} ZF ADCS 32
7<) o 2eas 7‘44‘%}04 Ao =N FA
OsAes Eeetel #Al Ths s, FAREE P
4 gk I8 6+ o] Aol w2 Al e
A= AAS e,



Y EHe
ot >
=AY =2
e >
oMY
_ ADC,
BT 1) ﬂ
f { f 1 >
0 fa/2 = 3fq./2 T
B @
_ ADC,
WERFLS 1) F K
| | } | >
0 fsz/Z fsz 3fs./2 T

**IEII"HH

J8 5. A7kt A S S iy
Fig. 5. Receivable bandwidth and method for extending
instantaneous bandwidth.

T RIS E 4213 4228 #7153, oA 7}
73‘;% 1-1, 129} 2-1, 222 29|35 o] RF »gaauau}
1Y 63 7;01 AR, 21 B AR, 227 23
ZoA JEYE R oE A5G §
4 ZEias %oﬁ IR JQAEE WitEo] &8
Aok Edh 19 6@ SANAEL o 54 AS(RE,
~RF4)7} FAHGeE doo ZE e s FelEol
25 A 7bsge e :L%JONIL 19 6(b)= ADC,
o (3fs)2 %ﬂ— oA 7z AR 4 7he Fag U F
AFE HAA dto] ARG Z20 4 7HA] vjAIE =
o] QL2 BT RF o] AR1-29 AZ2-20014
TN FAEE Aedle F4 o]F dhte A AL
Agste AP 2T F Ak

a9 72 19 69 3 HAd AEst 23+
ﬁi AR A= ? Pl Sich A3l &
T 19 4 FAlT7xd

Hlaﬂ a T7]' tH 23 Fu47t o 27
o] ADCE HEE *}%8}04 %MEHQ%—% AN T

)\}\ }\)\E]-

:;ru

PN
T e 7+ A

By
PN r{r
ft
L

2%

22 12| Fope Het 21 SE 20l AR
73

% GHz A5 A2
9 5 glow, 4 Gl 159 A4A A0

0] EEEL
[ --——— === mmm== e oo - >
BB, [RF.] RF,
BB, [RF4] |RF,
HE1-1 e
(ADCy) ]
AL : : >
0 fs1/2 fs1 3f51/2 ATl
BB, [RF.] RF,
BB;| | [RF3] RF; |
42241 FL i
(ADGC;)

Tow
=4

]
T
sfs2/2 5

(a) AZ21-13 AZ22-1 2ol 93 AT AT
(a) Signal processing by combination of path 1-1 and 2-1

(2)
RF,
AR1-2
(ADC,)
I |
3

LIy

a
-
w =
~
N
4
Z
=5

(b) 42129 4222 2ol oe 215 A e
(b) Signal processing by combination of path 1-2 and 2-2

O8 6. Algtste 2-42 A4 A2
Fig. 6. Proposed 2-path direct sampling.

LMy
1 o
] chela

o> @ Eefun)

[EEMI

S87| 47 L
e et

O FPGA

O IF, Gk
e g, |
3222 / \ NYETEE R e
-Qn

el ST Y2
@t )

RF; ‘.‘_l Cix|gsHe

J8 7. AR 242 AW AEY FA7] 72
Fig. 7. Proposed 2-path direct sampling receiver structure.

207



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 34, no. 3, March. 2023.

2 P52 795 S sl Folof 5}, 541
=317] A 9 SEHEO] FATERE A
7]5‘4 T3 FHEOS] FATERE ?L% ADC
J'H IF 3k tf o] o F
<, REA S 9] 717hg <3k E(local oscﬂla-
tor, LO)S 1%3}71] E]U?a UW =9 °ﬂ e =

g fol
=)

r
(B o b

ot ol T omu rx
-‘l‘)’
oﬁ H‘U

_4

32 oA 8 \aw 2o 3o

@)
i
> Y
oo
of
-
£

SRk
o
QL

194
gl 2ol FATZRE F 83
=

27} RF L7} A9 8ol njeh v)5e) F5a 5
REAZRE) 2712 2838 & A7 947

o ¥ [EE
H H FPGA
527\"*|7I . o “ : & @ (g
°=/1as = gl Anti-Aliasing HHE3 TEYy)
i s e
Ll s [EENwS
e @eHa el @rfeyua L
T T
REMHE ELEINT

J8 8. 29 Fakg ¥ £3 FERol FA7] 2
Fig. 8. 2-step frequency conversion super-heterodyne receiver
structure.

oL} R
)
- IF :
; FPGA i
T { ¢ @ ©sly
] i— UM anti-Aliasing M4ETH 2EY) |
ﬁ g L
foiEa} [ELEm s
EL(CERILET =
) ,
RE N gt
28 9. 19 Fo4 A 59 duznel 47 22

Fig. 9. 1-step frequency conversion super-heterodyne receiver
structure.

208

M ChY ZEMI HF 23 L A B4 55

Mol AAs 24le] 314 ADC A& m&
AR 9] AA AL 54 g3t 4
AR et Adste ﬂtH%“S’% ARG ES o
e £ o]&dto te AEE Felete] @T A
g 99 Ao AAG L, Ad g e Ase
© 2g Tt 53], ADC o] YA Y Al5Ae
gkl Adstele A UAE Adstety Topn,
1091 719 A3 FEW A Afdste] AeAz
= L}E}LH“E}

A8 [FF3 i 9] IF, IR SE (2 ASE
o}vﬂ, A ~AGCE 718 7 Aol Ist Y
o]FA2E 99 0~f2 ol X3 IF, IR HAHE
(replica)?] [IF], [IR]N 2+ A2 e} SAFI fi, At &
A3t Fao] PSS Fote] VAU R 5
g wgheitt. 7140 9 ] BB, BBQ: I/Qﬁii A5
JE(LPF)E A 94 = BBAIS A el A= BB,
AZRre FAE AL, 4 *L:é:: rﬂl/«luilovd% &3l
fDE AZYH QAN EE Mt o71A fDe BE
gol B EA = AT AL Aok £,

“ oo

mf’

o & 1o o rx

2T AT} Rokok B, 17 10914E £, 2002
BB, [IF,] IF,
BB, [IF.] J/m
of44.
BE,
J8 10, AYE3 25y Adst

Fig. 10. Lowpass filter banks channelization.



diAdlo]ds g o & Yepiith HEFAHOE 1|t
IFi3t Ihe Ad 3 AdyelA 48 & 9lon, BB,
BBAIZ £&f 9] IF 37t (BB¢] F 35 ), (BB,
o Fafs ol AlFstER 19 109 AYF 42
W3 Adshe 19 113 2o] [FFak the 9] At
Z5 A, A E A E S ¢ § Atk

19 12¢ 19 109 tisote A s JEWA A
ds} FAIFZE YER AT

A9E GH A FAFEE AESE a8l FAlAl
S5 M Adelx FdaA HE AestEE e
DDC(digital down converter), #1952 H, dHAH oA
£50] Y8R A ARV} A HF SHOE A
AEARLEHY 8 ANEZ = SRR A]—ﬁ-o}‘ji 93
Agte] = S 7L itk whebA, diAH o]
A B85S ADC o2 HHo2H 2483 dibs
AABIL shte] A o5 HHE TS ARS8t DFT(discr-
ete Fourier transform)& 53l A'd3ste 4~ = ot 2H
WA FEE DA & =R 23U Y
4% Adst o oY BEWA 725 A&,

[IF2] IF,

0 fof2e - fy FEF

J8 1. Rk YSRGS s

Fig. 11. Instantaneous bandwidth channelization of IF fre-
quency band.

*H'E,

ﬂ =

2y

J8 12 A5 BEwa sA7x
Fig. 12. Lowpass filter banks structure.

I8 132 18 129 AEE vehd 222 ADC
o eI NS x)E FAske A0 FAFIT
9 FUG FHAANTE o] &3t sl Wty A

(il

il
EJHJEE; JHE $ dAlveldste] IQASE &4 3}
L 322 Jehi, 28 13-QE 18 13-(1)9 AY
JJrJéEig‘r gAjd o)l E5& A8 YeER AT
A9FHEHE AE A7, 347, Q7R 4
ol o IE 9 9 & o e FXRE |
A< A&t DY A5l kDA E YeRd otk A9 %5
FZE 9 2HE Yi(n) (=1, 2, ..)olH, HlAH o)A 54

f
off

Z92 Y(mD)o|th w}am Y(mD)E Al Yim)e] &

< EZQEnE ¢4, I9 139 e A9 %ZE"
HAE Y9l Y(nD)°ﬂ sl AAhs sl B
Aol FxE WAstgom I #8S 19 149 JeR
Atk

- Step 1: 1Y 149} 7o] 19 139] HlAH o]X4(DC)
5 DDCS AYFHIH Alo|& o] 53t AYF 3}
E19] A4 hr)E h(c)=h(rHc—1)D)Z A s %] 31H kDN
o] A7 DA &, ki E2 AT 4 57 DAR
U @tk 9714 12 28" 13-2)9 A9 5HEH e
AT TAZ =0~kD-1°19, ¢& Al5FE DA &, ki €
Z A v o] & £MZ =1~kolth [xmn)] MES f

aEl e

m I!I?.il
[x;(m)]

Ba):l(ir;nlss |-°WPaSS . -

signal sigral
) h(r)

[x(m)]—{z1 ol Z1

Low pass

signal  h(0)-C9 h(1) h(kD-2) h(kD-1)

D-to-1
I G $® T vmp)

J8 18 (1) 19 124 A, 2 AY
Hold &5 %
Fig. 13. (1) Channel; of Fig. 12, (2) Structure of low pass
filter and decimation block.

FHZE S} HA

209



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 34, no. 3, March. 2023.

h,(c)
hp-1(€)
o2 hp-2(c) _’L\fz
x(m) Ew(:a)s]s o h i © ,\\ D-to-1
Band 1
poetn sigral oo L 5™ 0y am)

J8 14, ¢ A2 W3 197 DDC-DC-LPF +%
Fig. 14. Single channel transformation’s step 1: DDC-DC-

LPF structure.
A S5 DAY e sAHE dHEEHL /DE
A AFE YR 1Y 137 54U YmD)E 45
9k

- Step 2: L 159} 7o) HlAlH| o] ‘
28 o]F3tal DDC Hl= x(n) #E ke Ut

FAE 2AE Fol 19 149 T4 Y(D)E =
T %= sklth DDCE A'diel ST £ 5
& FRRANLE x)ell Foke EHstL A EA4

filfs=/DOIEE FHEIA S
2n(i/Dne.z WA 4 k.

- Step 3: T1¥ 164 7ro] ZEMAN T 9 AAEFY
H AFE 1A 38 F2E TE g JoH, S5l
SAES D‘ﬂﬂ}t} T7l 02 Y A4S HER A
A5 HIH Y 22 ol A& Aol FLg F74L
ANy e Ay mebA, 22 o FallAle FYd
FHEAZN S AEE o " Fele s st Ad

h.(e)
hp.1(c) T
ho-2(c)

hi(c)

D-to-1
o H—6-2® {oy,p)

a8 15, ¢ Ad w3k 294 DC-DDC-LPF 1%
Fig. 15. Single channel transformation’s step 2: DC-DDC
-LPF structure.

210

hp_y(c)

[z] [z] [z}
= (2]
h(D- 1)—é h(ZD-1)—é h(k-1)D- 1)—é h(kD- 1)—é
-it2ni/D) _(% e*i(“'f")“_“é e-i2mi/D) _é e-i(2mi/D) _é
X(n) A A4

Band pass d
signal

hy(©)

> E3l = =
h(O)—é h(D) h((k-2) D)—é h((k-1)D;

e—i(mﬂn—(n—g‘%J e @m/Dy0-1) Lo zni/n)-1) L g-izni/n)0-1) Deto-1
A 14

‘ ‘ @ V) Y,aD)

brief form hy(c)
i {ho1(6) | - @
o LF (c) e-i(zmi/D)0
(@) —| D-2

eJ(Zmi/D)«1

signal
. II\"(C) ] D-to-1
@-i(2mi/D)«(D-2) ¥,n)
o— : o—Y,(nD)

i(2wi/D)y<(D-1)

J8 16, & Ad HE 39 A 7=
Fig. 16. Single channel transformation’s step 3: final structure.

atpiom, 17 17¢ Jer ek AE, o] Al A
£ AYS Y A0 sk FRUANEE
AHg-ste] sheF HMgkstH A9FHIH 2 HAvold &
2 Ade gYsith 19 17 O° 169 A% #2E
AREate] 7 AE S UER etk o714, T AEE
A AGSHDEZ A3, AGEHBE S FYL
7k 1913, 7 A FAFRE FAS N5
correlation S12HS gttt o] A2 m=0~D—19!
h.(c)
]hD-1(C)| @
ei(2mi/D)+0
ot— O H————
x(m) : e—if2mi/D)«1
Band pass .
sordl o [ H—— D Dot
o i(2mi/D)+(D-2)
o o) } @~ Yo—Y,(nD)
erizmi/@-ny N
h.(c)
hp.1(€)
e—i(2mu/D)=0
hp_(c) &
: e—j(ZI(u/D)r«l
Mrtal 4
& ] $ :9 D-to-1
e—i(2mu/D)+(D-2) X
L—{ho(®) (Y " )o—Y.,(nD)
w(n

e—i(@mu/D)«(D-1)

28 17, F A9 W 19 169 A% 7x A8
Fig. 17. Two channel transformation: applying the final structure
in Fig. 16.



D-point DFTOIA m=i, uql 74-5-°]E2, DFTE AHE-3}od
e I8 183 2ol Aok A E £k DA
9 A2 EY YD)~ Yo (D)& & F U= TEE
4G o, ofAe] oY WA 7| i x|t

o ZE A9 99 xn)e 5 FEE DR 4
TAH R AYH Y, DA AZo] 4= hic)oll 44
kDO A&E M ES dAbste] D SEE A4

I} Yl wehA, o ZEW A9 £ DAY
A Z o]zl W= DFTY shifting A& o]43te] 4] (1)
Zol Yehd F 9

:in:m

m

(1) o1 —jzw%z
Y (nD)=ermn=bm Zyl(nD)e
=0

2

D1
—J
= E ynD)e P m=0,1,..
=" (n=1,2,...) 1)

I9 1890 &gk Adsh= I8 199 2k A T4
FIFE (mfyDolw, AL f2D)o2 7 A9 F
3 W9 (mfs)/Dfy/(dD)olth. 7] A, HiAH o] A Al
DE R340 BAHA BEE (D=2ge W3] oF 3}
B, 138 19 fy/D=2xf,l 42 A9 Abol9] f/(2D) 5
g4 gde Fdg o AAE EXOZ ol AN T A
17} ZAAHER AE A9 gl A&7 fsiME

ARG E WM A Al Foke g9o] =S

N

Hto] Foajrt o £AE fAst7] sl NGz FHol
HEE 72t e FAFTHFE (mfy)DAA (mfs)(2D)E
W7ol o, dAldold A4 DE 28 EoFe W
B vtk 19 20-(1) wlAw o)A 1 £ D9 2u)
E WHste o JEu AR Adstst 455 Ve,
a £ Uehdth

g 20-2)E 119 uel wA" T
ZA]

J% 20-(1)F 2ol Ao FAFIHFIE (mf)(2D)E

h,(c)

D ho —
{ho (0] Y"E“D; D-point DFT [ Yo(nD)
yi(n ifti :
D__lh (w/ shifting D samples) :
p-2(€) Chy | ¥, (aD)
x(m) Yo (z/D) .
Band p.lass E D-1 :
signal = —i2ngl *
9 gD | Qe o Ly am)
o hi(€ .
ol h ¥p—1(nD) i
o(€) Chp [~ Yp_4(nD)

O3 18, o WA 723 x
Fig. 18. Basic structure of polyphase filter banks.

AR Ade A 24U Adst FAAEA AT

e — S f
0 ‘fy’D 1,72 £
fs/(2D)

J8 19, o WA 7Rz o9 Ads)
Fig. 19. Channelization by basic structure of polyphase filter
banks.

goll et 7 AdS S AdH FHsk A
e 1ocq old] wet 1¢ 2()_(2)91r 7Fo] A9
FZE7F DA 8, kol ol 2070 &, k2l EE W7
otk 9714, h'(c)=h(rHc—1)2D) (c=1~k/2)°]a, 1¥
202 #FEE (1019 N=291 Aol slgE ) DFT £5
o] 1&g Mt 20 R SUFtEE AA AHde] N
7} DOl 2D R & Z7bekal 18 20-(1)3F 7o) <At
E Yol A A A Q== Fakr go] §iA k. 2D7N
AE oo WE th JEW A £82 4 ()9 2o

. 201 —pro
Y (QnD):eﬂTr(nfl)m E yZ(QnD)e 2D

m
1=0

@

m UL T-F3 £./(2D)
Y > e

, + il >
£/(2D) EXN
° {fs/(:m) f/2 LT

2 h,(c)

Thapa(0) | Yo(ZnD) . Che |Yo(2ZnD)
0-|h‘zu ol y;,(2nD) 2D-point DFT
-2(0) | .
x(m) i

(w/ shifting 2D samples)

snd pss Y (20D) ot

Sond
B (2nm|= eizn(n-1ym ( Z yl(znn)eﬂInml)
D-2 &

!
1]
1|V2p-1(2nD)
1]

of hi(9
o holc)

Cheor [Yap_y (20D)

2 20. (1) DellA 2D= wAdl 9t #dsl, (2) Dol
A 2D W7el o5 thy geua 7

Fig. 20. (1) Channelization by changing from D to 2D, (2)
Polyphase filter banks by changing from D to 2D.

211



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 34, no. 3, March. 2023.

4 (29 Y,2nD)E A= F315 (5 2D5HE HAY)
o5l f/(2D) $E2 FYF AR A W) FH4E
T fJ2D)rteh FA S 0] AR (replica)o] ¥HE 1A E

2 18 20(1)F 2ol O AAE 9J9L xdhet A
W FAA S E RoAo] wAe €tk whEbAl, Ay
ol AFE 2DE st A 7+ 2HS FASH, o
ZEW A FHEEE HJ2D)NA f/DE 28] Z7HA7]

= 7o) BRsjty 17 213 13 2E D £58 &Y
S 4ds & e THE etk
I8 212 207 &, k27 d9 AYERYE FRE

1=
A, 959 48 AE xm)=s 18 213 2ol 9+
2D/} A& F 8k91 DAE the 2D A E9] 39 DR
5 ARgst] 2D7N ‘ﬂ‘jﬂ MES FAET Ha 2D
A Z(x(0) ~x(2D- 1)) SHEE 28 D MEvte] &
THEZ /D & g%‘ yi(nD)$} Y, (D) LA =,
18 20-(1)9 1? AEE F371 (2D)NA (D |
AHEE AL Reo] dAEA Feth 1y
:L"/‘ 219 2D/ oY WE2> kDHE FA8E AT,
g y(nD)= AAtel o] &5 = kD Y o] B
ﬂovﬂ =o] DFT 4k 4802 AH-E 4 gtk 14
22-(1)°ll yi(5D)~y(7D)7} L A E YeRf Sl o, o] £
AE sy s A9FEIALEE WF Fx2E 19
22-2)9F o] WA ¥ 224(1)9 y(8D)~yi(10D)%}
Zo] & 98 MES o]8T F WA o
()= WMAg A9sHZE 49, A WA &9
yi(5D)oll AHEE ] MEL 12233445 TAE £
&xon 0|59 YL Fdsirt Tt 119 22- (2)9}
2ol ME AQ71E F7Hh (o= WAl A9Fa2
Bl 7% y(8D)2 1-2-3-4-5-6-7-8 &9 A& ?JEﬂ
AMES AHE = A =3, DA AE Y o] %9

> _l

HHN‘

x(5D) x(4D) x(3D) (2D) (D) x(0)
w)  [X6PD| | (D] | @D | @D | |x@D-N)| || xD-1)
X(6D) x(5D) x(4D) x(3D) (D) (D)
x@-1)|  |x(6D-1)| |x(5D-1)|  |xdD-1)| |x@D-1)| |x(D-1)

Q8 21 DN AE 35 A 0 9AE
Fig. 21. 2D input samples with overlapped D samples.
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Fig. 24. Channelization of IBW 2.16 GHz.
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Table 2. Specification of input signals.

A3 | AlB2 | 233 | 2154 | AlSS

Type Pulse | Pulse | CW | Pulse | Pulse

IF Freq. (GHz) | 4,920 | 4,000 | 3.920 | 3.840 | 2,760
PRI (ps) | 20 - 10 60
PW (u5) 0.1 1 - 0.5 5

SNR@B) | 2 | 17 | 10 12 12

Power (dBm) | —10 | —15 | —22 | —20 | —20

) FEW A 2HA1Q)Y] 2T
ot Aol A2 I8 26-(4)% 2
o] e FA tFAlse] 251 A, As2E A
#14, A 532 A G#S, A 35E AdHoz FEE &
g AT F ATk o] AlEHlA AAZE 216
GHz At %S 80 MHz A At 2S5 7H1 2770 A E &

AdetgozM 2.16 GHz 23U F2lo] 7Hedhs o

214

Signalt (dBm) Channel#3 output (dBm)

40

46
50

A i 50
092 094 096 098 1 102 104 106 108 11 092 094 096 098 1 102 104 106 108 1.1
A2t (Z) x10° A2t (E) x10°

A8 25 Asl oY R o dEWA e &9
Fig. 25. Input of signal#l and output of polyphase filter
banks channel#3.
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Fig. 29. Test results of C~G band receiver.
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Fig. 30. Test results of H~K band receiver.
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