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A Complex Bandpass Sampling Method for
Downconversion of Multiple Bandpass Signals
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bandpass sampling 7|HEC} 518} & sampling T3 HAE AF3hH, T3 6L W& sampling FI5FE
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ABSTRACT

A complex bandpass sampling technique can provide a more flexible architecture for designing a software- defined
radio(SDR) system, because it has several advantageous features of larger sampling range and lower minimum
sampling frequency than a real bandpass sampling method. In spite of the potential advantages of the complex
bandpass sampling, solid investigation for the direct downconversion of multiple signals by the complex sampling
theory has not been reported yet. Thus, we propose in this paper a novel scheme for the downconversion of multiple
signals using the complex bandpass sampling, and develop the formulae related to the complex bandpass sampling
for practical usage, such as the valid sampling range, the intermediate frequency (IF), and the minimum sampling

frequency of the downconversion of multiple RF signals. Such derived formulae are verified from simulations.
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conversion)3l= HHo|th 1y o]Edt FERE
okt BARFS 8317 S8l 85X (flexibility)
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Bl st txd el & FE& FA "tk
Jeiv wESE Folgel] ESHA] A Aol o
QZof 93 sampling FI57} AA == bandpass
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fsted gt 7)71eA tEAlsE BAlol sampling
7] 9% W 2 sampling SIS 2 daElE
o] sz Yl olgjdt shiel s}t opd
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S & FEE& U3 "tk 3, real bandpass
sampling Xt} 5 sampling 7Fs F9S 714
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2 sampling®] FHE oY 7] FAES F=g
4ol Me HEllE T3 RYAFAN f= ]

< S, Ao 53l HAEe i

o

rkﬂ‘:(

(et

2=
nn

o},

rr

o=

II. Real Bandpass Sampling2 o|&st
CIE Als2| ofef Hist

Real bandpass sampling= ©|-&38}d g A%
o gt HH3 sampling FIHFE Fa17] Yall, H
A NS Wdsd s £, k=1,2,...,N.°l
=3 22 AEvEER e "9va Ak g
fu, fro.fir., BW, g Fyh< ke f/e(l‘)Q]
WEal Fole, thFol X o] el (upper limit),
35 3<=(lower limit), sampled bandwidthol*]<]
3t FIE(IF), W9 a8la 2HERS 7447 U

Buo. =23 f.<fe,,, i=1,2,...,N—1
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Wideband
antenna

Wfﬁﬁ”d BPF with high selectivity
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HA she] A% f (¢)9 sampling 7Fs T3
% (available sampling frequency) 99 t&
7 2 pAow v 5 g

2fu, 2f1,
ny <Js=< ng-1 =

o] FAIN ;& AF goR g o] Ao
et

l<n.< {BLW,(J (2)

A7IM | | € floor 55 dEhdYL t2 N7K
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ANSel FA] sEPHEES 9¢t & sampling
T G Bate] dolEth WA N/ AE 72
Ztell o sampling 7Fsd FoF G 2
(Dol o3 25 5 7, 21 F9E Folr N7
AFEe] BT WEshe 3%Ed FEE geth
23 samplingell o3 A’d¥ sampled band-
width &, UAE IFdelA v AZES] MZE 3
AR g 21E FriEhd ok olAL ug 2
o] 4 (3 WE z7 FFE £ I

2fu, 2f1, 2fu, 2f1,
ni =Js= n;-1 )ﬁ ( ny =Js= ny-1 )
2fu, 211,
n..n ( . < fs< ny- 1 )

BW,
\frr,~ frr,) = 9 .

of FHeld & WAFOR FFA

[<E]

h
S, BW,,= BW,,=BW,+BW,°l3, n, <
l<ne< Lfy/BW, | k=1,2,.. N & HERIL

(BWAE N7 2% Z4ze] A7) A58 &9 F
4 ] AlZel ofde]oldS Hdle 2w
7FA 1 9em g sampled bandwidthellA t& Al
7o) odE|ode BT dile 2719 4 @)
7} REEA] FrlElojol gt T#ER T 5] (3)
I (HE BEF w53k udo] uiR vt 2x
7t &= sampling 7Fs o] Atk 18 204
A AR M2 BE RE Al%9] 313rHsks 93,
bandpass sampling WHS g3k el oE
BoFT o} oJu AFEL real bandpass
samplingE-dell &3 23] AHEZ 97 n}
2 57k 9

X(f) Fi(F) Fa(f) Fa(f)
RF signals B
. f
l Real bandpass sampling

|
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‘ Digital IF stage

Xs(f)
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2! 2. Real bandpass sampling S ©]-83+ Al A13.9] 3}ehH g
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TS )T (4ol AAR G FolA 7P 22 BPF#l AID
Tt vtE # 4 sampling FIRolh 53] © » BPF#Z CH DSP
Wile] Hgslt SDR Alasle deizw o ¥ m
o L= el 3 2 AF
'Exﬂ uﬂ'ﬂ.‘oﬂ SNRO] 01%01"1: ‘131' ﬂi?}g 17%‘8.‘ W'f,zb:nd BPFwnhhlghseIectlvny
sampling T2 AEE AZsfof A& AlA 72! 3. Complex bandpass samplings ©]-83 NA1& &3
do] A}, JHEZ 7H5eh ¢ W& sampling ¥ s 9 A7 2
FE 2= A|AHS AAZE Aol EQ3th B2
AFE 7kl 139 (guard-band)o] FE3] 11 x(f) Fi(f) F, () Fa(f)
¥ sampling F3o]ofof & Aot} T ‘ RF signals

l Complex bandpass sampling f
. X (f
M. Complex Bandpass SamplingS e, g 52D  pmh 4

08¢ LS tIs9| sree#

P l Digital IF stage
Complex sampled bandwidth

3.1 HN[oH=| HfAlo] =

13 3L complex bandpass sampling< ]%3}
o bz Ade 31F WIS 9T AL +
F1 ot EHUE Ed S92 N/l Al —'é‘%

= N
m{m

2! 4. Complex bandpass sampling®l &3+ M| A15.2] 3}k
LNASH doSHEHE 717t S8t $o A9l i EE;
£ ADCell #3 %‘33‘4% '5}-4 Yie YHE HE
d28 AQ ¥ ADCel Qe 5, % apcek @ T OW rem (e fo= fo F gy ® e
HE H3S o] gsle g RF A %o 3l com- UHz] gk SBtH, o] 7 A IFdelA] 457t
plex bandpass sampling< 33 o} 1832 g fir < fip, o 1<i=N-1 SEF 7P3 Aol
o] ¥AlS tF analytic A1ZES bandpass sam- SFHtt Real bandpass sampling 73-$-¢ o=
plingell oJste] FAlo| &8 W= 7|Holgln & A complex samplingolde F7 (6)o] HEEA]
g ok wgA gRE JYoeE 59 T o Z719t}h o] AE complex—sampled bandwidthell
Aqe] AT Eo] © o] Holz ¢ Atk TI¥ 44 A 7PEARE AER Fonst Fyn7t AR AA
A= Al 2137} FAloll complex bandpass sampling 2 e %ol Besly| wEo|t @ 4
Tl ef3l Sk Med Alge] AAEHS Hel (G)% (6) TF Fubr Taeld g Zol7] )
Zth o] FFHE WHE real WA Y 29 & ol 927} Y8z sampling FIpoll #Eg 3t
2 A Al5el &o] Fuedge] RF AZES BT o] Falo g JehZ]ole uwl$ ot} JBEs
AASFA7] Wzl samplingel o ¥Pdd AHE Thgo] spketeld N7 AlEe] el 549

¥ 2 2o 3 ojeje] AaE gekd 1 gick

of &ty =3 £t
=3 sampled bandwidth® 2u] o] Zhaw|o] Tr

sampling I TIRHE GopA A Ak 32 NJ§ Alzo| slafHst2 98t Sampling
° FHE A% FE sampling FIAFE Tl FOi eiglo| Ustst 24y

T oA Zel s HEE N AlEse] com- N7 A% sleHshs 919t 38 sampling 53}

plex sampled bandwidth el - f/2 < 5 & dele 93 FAANSE Yol WA T AT

<f 201 2 Al MR AR = 2AS (O £(H)° sampling FI WS dohr

HlER] whEsjo} St A oI A A e (1,2, N 1) %

s je 12,3, ,N)ol™ r. < g Bl 7PEskARL o]

/i — f]= Tm,a:I,Z,...,Nf 1,b=a+1 ) = AFE 93 $F sampling T W= g

3} e T 2L BE AE Azck Bk @

lrem (e fs)- rem(fe f)l = Drota 6) Asampling 3] 249 AHupper limit) ©.2,

2 -
38 5elM ®BXo] RF A% F ()7 samplingel
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(a) Negative frequency part F( f) Positive frequency part

RF Signal RF Signal RF Signa
‘ () . T F(f)‘, RO

Repllca generated by sampllng f, fe, fu

W 4 .TAAAL

(mi;j+1)" left-shifted 3|gnal

() fs m;;)" left-shifted signal
ey [ e A L,
N N ) U] m+1

—>
fS

T2l 5 UnE W AF] F A 94 HAEH, (a) RF AZ F(nF F(ne &2HER, (b) Sampling F34 ¢ ol 23]
complex bandpass sampling® A& ( ), (c) Sampling —rJJ—r fe ol AGH complex bandpass sampling€l A& r .(f)

&l ()R 9% olFH Az p o] T S 2 real bandpass sampling©l*e] F34= o]F
£ RFALE p(po) g, Weh 7AoF @i et sy o WE Tl AEsE ol g gant
ol m ;8 &2 WEA] F AE7F FAlel sam-
pling & o #&=e gholw, 7} 215e] wkgal
g7h ohdel NkEEt Fulee] APt Tod Ad

Aglower  limit)2ZE  RFAZ  F(nel

(m, + 1" WA AF olgd AlelM g, o]

RFAZ p (el f, HO Zolof &t} o] % ELt
o

& S Aok AL oulska Ao TR
55 vt 22 FAoE A7 29 & 4 9k o] Hujgte ¥ A% A o] H#He, T A%
. . o At wARo] 9E Agele 2, o 2
<fcf 5 mi.fs)*(fc,* 5 *)2 o (D o] AMeo] L #FL2 sampling FIFE A §
o 29 62 F29)F (10)el ot 23 JH=E
BW; BW ; 23 9 ) Y] x = = dade =
{fC/+TL7 (ml‘jrl)fg}*(fcf B )S 0 E-O:]TJ_-—’— Atk o] A HAFE F 3Y T
®) o= o] 2BS} 3Bel| tgh sampling 71 %49
& 77t mAekT Qo w5 gelE gol 2
o T 4HE ;o Bee] Ade Ges e E4F sampling @ 4 9E 9012 08 Hol
_ . =3 Soig= ool LR
& sampling T3 W9 o 7F frEEH 71 whEell 2Bl SE= 3ol 3Be] A 39S
. Egea Qe AL 2ol 4A &+ ek 2
BW BW .. 1 X, YE& F A3 F o= 3l}e A% gy
fe fe) 7y <f < fesfe)” A Bell o8 yroixl dntstd  (normalized)
m ;1 =S m;; 1O AlE o)
&g EAIS 9tk
9)
of FAeIM ;m & BFE U 22 floordse 10
= 7o) Ak T
n—
(E-fe)-(BW,/2)
i i, 10 -
0=m;;< BW ., (10) “. |
=2
+HE f59 27 4 (9)F 531 sampling F3 .
T Aol Fo3 dErlHe F AR wkee & B I Nl L
s Aeh gelF Folehes AL & F Aok 29 A e oo
- == GB:=GB:
J}F/]-U] 1 }:—‘?—‘_‘?—}‘\lig ﬂlj/](z—fl‘,’f[/, " 1‘ ;; 3‘ ( :‘1 )5 & 7 8
fe, - fe, J/B
Aelel ¥ Q55 A2 48 gl 2 W AR 4 e 1'/01154# -
A w 2! 6. Complex bandpass sampling st F Al s
2= AE dEE FAC o) ;m = BF F 3 F0E A% sampling Faesle] B4
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Y
=
ol
2
k)
ol

,mlm:g,rsh
o 7 o
)

Bzt olE 3,
HA NAZSoIN 2% 7hsdt B 7 Alwe] %
of thet Z+Zke] sampling FH& Lojof s} o

vl2 NAlZo] tfgt f& sampling 9%o] Hrth
ey 7o Ao FHE 4+ gk

fs,air s 10 fs 2N fo 5N .0 fo v 1y
AW s s ofs aeefs v o HEE
wgic},
fsa=f,,0 fs, .0 fs, .0 - N fs)
Is zzfs_,__im fs“m fs_,,,m N fs_,_\,,
fs,:;:fsuﬁ fsj‘,m fs_‘,“ﬁ e N fs_‘_\, 12)
fs N 17 fs\;,‘\

Z fo 2 AT f (S o] AEE AT B

>

NS f(¢),i=2,3,...,N B9 sampling F9E
T MR AXA sHe FES Jebdch E=3 5
A IDERE 4L s 5 7P &2 ghol N4l
3= A% A sampling F371 Aok

TSt sampled bandwidthellA A3 7 ()9 9

A g, £ orgel $460 o8 2 & gk

(13)
ol FAE | g /(fs/2) ] O ol Aeld ol
Foke odelol, Eroldl g9l T3 Folel 914
Ats AS vepdn

KN
=
Aelx fr=d FAEel ot T8 # 2o

3.3 z|4 Sampling Fifeet 25 OfY

e =g 7 (9% (10ow FH Hi
sampling F3+E 4& & Jvh F&E sampling
Fo Jd T 7P 22 AFde] HiE #HA sam-
pling F3k o282, 2 (1009 7P & m , %
& 4 )9 2pEl sl s WA @
& 4 gtk 7 FHe e ek
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BW .,
; (fe, fe)+ 5
S,min_ BW,
[ (e re)- ")
+ 1
BW .,
(14)

T2y § Aol o8] Ao sampling T3S
ADCel H-gsHA =W F AZT Thof A o &
Z9] B39 (guard-band)e] §17] wiol AA =
SAlol| Age] o] s & 4 Stk wEEA|
2 2 (1D)EFEH 48 sampling 2% IF 4l
TE 7ol Yate HIgYE AAE & gV ulE
of, 1 4L sampling FIE FollA 237t BE
RotdE nefstr] $18 J-8e sampling S35
S T Slolof sz z%je] et JHER 3}
F HEE a5 digolA o]d HE YL sam-
pling T8 ZAE v Wt=A] m#Eojof & @

2ot}

R (f)

GB g GB
2 GB
fs/2 f

~ 1512

2l 7. 7 IF A3 Abolo] H3gd

bA Oy 73} 2ol ¥ AZ Fapd Fupe
sPagd ATE 1) RIfae Azs R4
o] A= Ifelr HEol F(pHd 9F HI

i

95 ¢B,, L% E3UYS ¢B, L AoHe=
T Hedgs n#s & 4 vk o] F Hady
BE7b Ae A4S frAlstelor MYt el
A Ha el g4 9ok Ao F BT
e tE e 7HA =Hed, o] 991 B
ool F 4% Aget €8 sampling FIroll
ofs) Ax=7] wiEelth. 1y od 5743 sam-

pling F549} 1559 2ol o] F wErjd
o] A B BuE A7l AT FE . ol
d% 7eel ¥ A% WAL p (7} sampling
o o8l 9xoz oW p (5o F AT m
WA AT g A AT Afole] FA6] %
o glojol e 2L WEA] wEsjel d =,

THoE YA =Y (fe,mifs)-{fe-(my;

Ir 3

+1)f s}=2f ¢, o|t}. o] 4& sampling T35
o ) ERlE Ted 2o AAE ol N
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2 (fr ~ fe (9)<}F (10)ell 2(16)& st
R 15) :
1,7
(fe~fe)+BWg - _ (fe~fe)-BWg
I8 69 F FEE fe-fe=3B olaL m 1 =Jsi,= m,
BW,;=2B% 79 ¢B,® GB,E BAFL 3l (18)

(f-fc)-BWj
vehdick 21 6elA] 0=mi= | BW, 2GBm, (19)

o
=
A9 oule FA15)2 3l S+ Y @

o % novjdel WA St sampling Fukpst A7 GET B2 NAY ABE FA A
= 59 172w 9o AT A e T R 8 sampling T
%3 sampling 592 AR o] AFEAS Qe I e BF RS F O 998 F 3ES
REUlS RES St FoE 3% 4 ook 2 UHSE A4 sampling FoEE e 5 v

e 919) 799} o] BAF Sxo] AT EA o FHeR 2EE 5 A

e AE Adsty, F nErele] Uk gie

Salo] 21 ot aE] ST Had du fs.op=min{fs N fs oM fs 5N = N fo y ) (20)
o] Batedo] AR = HS 7B i

o) msdtel N8 Lok mﬂLan:; AN f k- 12N 1S (28 2
Hz)< 7HA|a, o3

(H2)& 7KL, YA s 6p 008 9 9 pw, @ (1602 q]xm ZAgolth. azER

A
& 2% S £4S fus BAL olRe $4) "
AA A= (20)01] o8t sampling rated ARg-3ho]
A AEZ 3 el 1
19).3}L A0 A5 Sl pw B Oy pass pe) wadelel A% op,
Hel= Bty GBmmA vje] iy F A% (Hz)o)d 4R 4 A o, da= agde] =
o delde He @t 5 B 4 A @ 5 e Bl sudole)
STAYE Azt 248 5 9l otk olel o
# A% 44 BNRS B3 FTYHD A3
£ pw, o HYE F OF wSshe s 3 SHE O
7V Ze Fur) vlg 9271 98 sampling
rateo] Tk A% 54 (14)el (16) st 2}
2o ANE JMALet aER £ (162 /&

BW,7BW#+BW ;+2GB i, (16)

IV. Zo|AIS ol 23} A

-

QIZe] thed] doks Bagae Ha] Aae ol deloAE complex bandpass sampling©l
Q%S b0 AER Agelre definition) T § Lo =S THES SHA) A6 AN =
RAHE A AWE dolt) s Fasal

sampling & e Ao 9T 4 ok

o|AL Ao g Uehd teal 2o 71717 3709 Ad &, ds3t 3, 283 dold §

AEN S FAlel Ao 71dsiat o] 3719

; . (fo fe)+*BWg (17) FTAEEY Fo sHvHE B 2
S,min G B (e fe)-BWs) | fe.=940.1M H=z°1Z BW,=200kH =% GSM-900°]

BW,#2GB nin 93 A9 Y, f,.=1473.054M H=01L BW,

AN BW 4= (BW, /2)+ G B,y WERATE 21 -1536MH=2 DAB(Eureka-147 L-BAND) 3
37} 3] ol ASOlE Fuel Asg zke] T TR f=21215M Hz13 BW, = 20MHz
nEgede] BT 24 3= AL =T upRslx 2l WLAN 802.11g¢] & AHds 13 8(a)9t 2ol
SRF AZE 219 145 2479 telfe] 2% SRR TP kel ATk EAsng, A
T2y wjFel [Febel 813 WMekel AFzke] HE A A Al A8 po pg fe, o FE
dede AR T2 el gtk J8d AE BE sampling F7 geiSo] Bedth o2 8 44
o]l AT gp o188 Es ZA ke (100278 Al Fo+5 499 o Adgds
sampling FIFE 8T o] 99} o] 42 TEE m =306, m, 4= 72, LHL m, = 438
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d& F 9tk o] upper boundgt F4 (92 AR
o] sampling 7Fs 99E°] Fafzith o] JIE
2 (1D)el oJste] F59 WE 78 & ded

S NE ¢ FRFE A 49
25.288M Hz<f.<25344MHz2 9 F St o4
o 4z ljm_ mi =21, m; =58 my
=g7olx, ZzZe] 7t FaaeE 44 (13)o] 93
fir=4.439M Hz, f=6.792M Hz, ©13 f,, =
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