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Low-Distortion Two-Tone Signal Generation Technique with Interleaving Method
Fumitaka Abe*, Keisuke Kato, Kazuyuki Wakabayashi (Gunma University) ,
Osamu Kobayashi (STARC), Haruo Kobayashi, Kiichi Niitsu (Gunma University)

Abstract—This paper describes a technique for generating a low-distortion two-tone signal, for testing ADCs for
communication applications using arbitrary waveform generator (AWG). The AWG consists of DSP and DAC, and the
nonlinearity of the DAC generates distortion components. We propose here to use DSP algorithm to precompensate for
the distortion. The distortion components close to the signal frequencies are suppressed, though spurious components
far from the signal frequencies may be produced (which can be relatively easy to remove the following analog filter) ;
we call this as distortion shaping. This is realized by the interleaving signals with the same frequency but different

phase at the input to the DAC. Theoretical analysis and simulation results show the effectiveness of this approach.
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(3rd -order distortions).
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Table 5. Simulation conditions

(34 -order distortions).
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DACDITERFIE X + (-0.005) X3

-50
-100

-150
-200

Power [dB]

-250

-300

MH‘—‘M—VAWW ) ]

-350

0 0.1 0.2 0.3 04 05
Normalized Frequency f/fs

13 \MEFHECEIVERLIZETZDARY L
B IEREFFHY;
Fig.13. Output spectrum of the signal with the proposed
method in case of the third-order distortion.
2f1—fa, 2fo—f1 D IM3 flsr & HD3 3% ¥ B/ ST
DI ENMERTE D,

(5:2) 2 +,—EBRLE. DACOSREHETEEEL
=184  DAC ® 3,5 kEAFMEEZ QDX Tt 5, 4 8

A X =Y —72 =155 Din #©22)URT,

¥ = aDy, + bDE + cDF) (21)
Xon) n=4k OHF

Dip= Xi(n) n=4k+1 O (22)
Xo(n) n=4k+2 DOHF
Xs(n) n=4k+3 OiF

Xo(n) = Asin(2 z finTs+#& D) + Bsin(2 n foanTs — & D) (23)

X1(n) = Asin(2 = finTs+#& 1_) + Bsin(2  fonTs — & 1.) (24)

Xo(n) = Asin(2 7 finTs+& :) + Bsin(2 7 fonTs— & :) (25)

7o B (201 1410H20H,

Xs(n) = Asin(@ 7 finTs+8 ) + Bsin@ = fanTs— &) (26)
8 =47 /15, elznns,a ,="7/15, 8 =—47 /15
e, NifRE ~8 OIFFF H:wJJS'E BAL T, HAu
TG DOEFIITREEL 5 2720,

LROAMA =) —TEEEYIab—a LY
RFEZAT 9 MATLAB % VT Y20 ) D30 — =22
7 NI LEHETS, vIal—varffEEe Vo
L—va URERER 14 1ITRT,

#6 Izl —i a3 &MEGERER)
Table 6. Simulation conditions

(3rd, 5th -order distortions).

AH{ESDn Xo. X1. X2, X3
o ThZh
{314H60. 01.02. 83 ar/15. /15, 11/15. 4r/15
AN B R fi=51 , f,=81
BT 5 ER 4096
DACOIGEHE X + (-0.005) X3+ (-0.0005) X5
0
-100
o
e
5 —200
B
o
a
_300 ¥ il M i
-400

0 0.1 0.2 0.3 04 05
Normalized Frequency f/fs

14 BEFECRIVERLAZTZD AT b
B, b REEFFOHH)
Fig.14.  Output spectrum of the signal with the
proposed method for 34, 5th-order distortions.
2f1—fa2, 2fo—1f1 D IM3 5y & HD3, 3fi—2f2, 3fa—2f1
D IM5 5y & HDS 3% v L ST D 2 & SR T &
%

(5:3) 2 b—UEBRE. DACO7TREHETEEREL
=15&  DAC ® 3,5, T REAFMEZ QDA TEMT 5. 8
A v %=1 =72 h—{5% Din # Q28X R,

Y = aDy, +bDE + cD3 4 dDj, 27
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Xo(n) n=8k DI
Din= | Xi(n) n=8k+1 DKf (28)
Xo(n) n=8k+2 DI
Xs(n) n=8k+3 DI
Xi(n) n=8k+4 DO
Xs(n) n=8k+5 DI

Xe¢(n) n=8k+6 DIF

X7(n) n=8k+7 DO
Xo(n) = Asin(@ = finTs+& ) + Bsin@ z fanTs— & ) (29)
Xi(n) = Asin(@ 7 finTs+8 ) + Bsin(2 7 fanTs— & ) (30)
Xo(n) = Asin(@ = finTs+8 ) + Bsin@ = fanTs— 8 ) (31)
Xs(n) = Asin(@ 7 finTs+8 ) + Bsin@ = fanTs— 8 ) (32)
Xi(n) = Asin(@ = finTs+8 ) + Bsin@ = fanTs— 8 ) (33)
X5(n) = Asin(@ 7 finTs+8 ) + Bsin@ n fanTs— 8 ) (34)
Xe(n) = Asin(@ 7 finTs+8 ) + Bsin@ = fanTs— 8 ) (35)
X7(n) = Asin@ 7 finTs+& ) + Bsin(2 z fonTs— & ) (36)
FRO8HA =) —TEEEYIalb—Ya il kY
MEEZ1T 9. MATLAB % AW THIA YD) DT — 2~
I NI LEHETD, YIalb—Ta IR T, v
L— g VR AR 15 1RT,
£7 VIal—a 500,57 R)
Table 7. Simulation conditions

(3rd, 5th 7th-grder distortions).

ASESDn Xo. X1, X2, X3, Xa. X5, X6, X7
L FhEh
Bo. 01. 62, 63, 71r/210. 41r/210, 291/210, /210,

B4, B5. B6. 87 /210, -297/210, -411/210, -71r/210
AN BREE S f1=19 , f=31
Y OPZIEY 4096
DACO=ZESFME | X+(-0.005) X3+ (-0.0005) X5+ (-0.0005) X7

(2011%10H208H,

0 T
\
\

-100 ’
M

I
IHMH?}\I

I
\

i
|

Power[dB]

~400 L \
0O 01 02 03 04 05

Normalized Frequency f/fs

15 BEFIECLVERLIZGESZDO AR fL
(3,5, 7T REHLE TR OHH)
Fig.15. Output spectrum of the signal with the proposed
method for 3vd, 5th 7th-order distortions..
2f1—f5, 2f,—f1 D IM3 4y & HD3, 3fi—2f, 3fo—2f1
> IM5 Jf4r & HD5, 4fi—3fs, 4fz—3f1 0 IM7 4y & HD7
MDHE v BELENTNDZ ERERTE 5,

(5:4) 2 b+—IEBRE. DACOIREAETEEREL
1z35&  DAC® 3,5, 7, 9IREAFMAZ BTN TIEL T 2,
8fA »#—1U—7 2 b—2155 Din & (38)URT,

Y = aDy, +bDE + ¢DZ + dDj + D) (37
( Xo(n) n=16k DR

Din=| Xi(n) n=16k+1 O (38)
Xa(n) n=16k+2 D

Xs(n) n=16k+3 DI

Xs(n) n=16k+4 DO

Xs(n) n=16k+5 DI

Xe(n) n=16k+6 DI

X7(n) n=16k+7 DO

Xs(n) n=16k+8 D

Xo(n) n=16k+9 DI

Xio(n) n=16k+10 DK
Xii(n) n=16k+11 DK
Xi2(n) n=16k+12 DK
Xi3(n) n=16k+13 DK
X14(n) n=16k+14 DK
\ Xi5(n)  n=16k+15 OIF
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Xo(n) = Asin(@ = finTs+& ) + Bsin2 x fanTs— & ) (39)
Xi(n) = Asin@ = finTs+8 ) + Bsin@ z fnTs— & ) (40)
Xo(n) = Asin(@ = finTs+8 ) + Bsin@  fanTs— & ) (41)
Xs(n) = Asin@ = finTs+8 ) + Bsin@ n fanTs— 8 ) (42)
Xi(m) = Asin@ = finTs+8 ) + Bsin@n fanTs— & ) (43)
X5(n) = Asin(@ = finTs+8 ) + Bsin@ n fanTs— 8 ) (44)
Xe(n) = Asin(@ = finTs+8 ) + Bsin2n fanTs— & ) (45)
X7(n) = Asin@ 7 finTs+& ) + Bsin@ z fonTs— & ) (46)
Xo(n) = Asin(@ = finTs+8 ) + Bsin@ n fanTs— & ) (47)

Xi(n) = Asin(2 = finTs+& 9) + Bsin(2 = fonTs— & :;) (48)

Xo(n) = Asin(@ 7 finTs+8 ) + Bsin@ z fonTs— & ) (49)
Xs(n) = Asin(2 7 finTs+& 11) + Bsin(2  fanTs— & 11) (50)
Xi(n) = Asin(@ 7 finTs+8 ) + Bsin@ z fonTs—& ) (51)
X5(n) = Asin(2 7 finTs+& 1_!) + Bsin(2  fanTs— & 1!) (62)
Xe(n) = Asin(@ 7 finTs+8 ) + Bsin@z fonTs— & ) (53)
X7(n) = Asin(2 = finTs+& 1_5) + Bsin(2  fanTs— & 15) (54)

FRDO16FHA v H =V —TEEEVI 2L — 3 Uil K

D RFEEAT 9. MATLAB % AW THI YD) DT — =

XY RNTREHET D, vIalb—va v R FEERS vl
ab—3a URERER 16 12T,
#£8 vIal—varfM(3,57,9 KER)
Table 8. Simulation conditions

(3rd, 5th 7th 9th -grder distortions).

=an Ko, Xty Xay Xa, Xay Xs, Xe, X7,
AREEDs X8, Xo, X0, Xua, X2, X13, Xua, X1s
fii ThEh
B0, 01, 62, 83, 64 124n/315, 89n/315, 797/315, 61n/315, 197/315
Bs. 0. 67 0s. 0 44315, 26m/315, -16m/315, 16m/315, -26m/315,

B10, 011, 02, -44n/315, -19n/315, -61n/315,
613, 014, 615, -79m/315, -89n/315, -124n/315
ABRHE fi=15 , f=19
7)) BREH 8192

DACOEEHM | X+(-0.005) X3+ (-0.0005) X+ (-0.0005) X'+ (-0.0005) X

i)

X
4%
>
EH
._H
=
S
S
S
i
=

T, mm

0 01 02 03 04 05
Normalized Frequency f/fs

16 MEFIEICEIVARLIZEFOAT ML
(9 WEAHFE TROHEH)

Fig.16.  Output spectrum of the signal with the
proposed method for 3td, 5th 7th 9th -grder distortions.
2f1—fo, 2fa—f1 © IM3 5y & HD3, 3fi—2fz, 3fz—2f

@ IM5 4y & HD5, 4f1 — 3f2, 4fa—3f1 @ IM7 Al sy & HD7,
5f1—4fs, 5fa—4f1 ® IM9 Ficsr & HD9 3% ¥ /L I3 TW
LIENHERTE D,

6. MEFELREEFEREOERRKEFEDLE

(6:1) 2 b+r—IEEHRE. DACOIREHFETEEREL
<1586 DACO3REHLZEBEL2 h—rEEEANL
oD AT MK 5 (ERFIE) . K13 (BEFIE) Lo
WTC, ENEND RO REAW TR O ik & X 17 12777,
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-350 : =
0.05 0.1 0.15 0.2 0.25
Normalized Frequency f/fs
0, &8 T = & 5 §®
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2, —150
2 -200
S : . :
—250 - : : “: : : H
-300 - *,... N R
[ e \—HMHML
-350

0 0.05 0.1 0.15 0.2 0.25
Normalized Frequency f/fs
17 PERTIE L BBETIEOLEG REEZFFOER).
Fig.17. Comparison between the conventional method
and the proposed method in case of third-order

nonlinearities.

(6:2) 2 +h—2EEHE. DACO3SREAETEERE
L7=5E& DACODO35KEAREZBEL 2 F—EFEA
ALTRD AT bV 6 (BERFE) . K14 BREFIE)

IZDWT, TN DRI DEEAPIE D 4 X 18 1277”7,

0 4
-50
-100
)
o, —-150
2 -200
2
-250 L
L
_300 i Y \‘ [y ey ka¥ N
-350
0 002 004 006 008 0.1
Normalized Frequency f/fs
o 88
Y % r &
0 Pl hNIR LIRS
-50
-100
5 -150
g
2 -200
Q > s
-250 b
-300 +~ % W\M i n
-350

0 002 004 006 008 0.1
Normalized Frequency f/fs

18 (ERFIE L IREFIEOHIK(,5 RELFFOHE).
Fig.18. Comparison between the conventional method
and the proposed method in case of third and fifth-order

nonlinearities.

(6:3) 2 h— EEH4%E. DACD 357 REAFETESE
BL1-#HE  DACO35TREAZHZEL2 h—E5%
AR LT D AT bV T (GERFIE) . K 16 BREFIE)
IZDWT, 2D KD EAPGI GO 4 K 19 125837,
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5 200 |
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|
=400 ;
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Normalized Frequency f/fs
se && &5
_— % S LS
0 el 8 & S & :é'r &
-100
o
o
% —200 CaTN
2 HE T Y P N 1 s .
a J S HIEE R
~300 e
vy ounas?
-400

L L
0 001 002 003 004 005
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19 WERTIE L RETIEO (5,7 KEZFOHH).
Fig.19. Comparison between the conventional method
and the proposed method in case of third, fifth and
seventh-order nonlinearities.

(6-4) 2 b—{EBHE. DACD 3579 REHAETE
EZELEE DACD35TIRELHLEEL 2 b—1f3E
FEADULIEREOZAT MUV 8 (HEkFIE) . K16 (#RE
FiE) 22T, ENENDXKOFAB TR O bk % 1% 20

WZRT,

i)
-1}

Fa ETRIENES

3y

El (201 1410H208H.

1
f2

0
-100 | |
= |
5 —200
(e}
o
—300 LD
-400
0 0.005 0.01 0.015 0.02
Normalized Frequency f/fs
0.5 A& 545 §5 H5
-100
o
S,
5 =200 [ || e, - — -
2 e )| [l | o |l 1|
2300 1 o el e o 5
-400

0 0.005 0.01 0.015 0.02
Normalized Frequency f/fs

20 ERTIE LIRBETIEOE(S,5,7,9 IKEF FFO5E).
Fig.20. Comparison between the conventional method
and proposed method in case of third, fifth, seventh and

ninth-order nonlinearities.
7. MBAUYEBRIEFERICLSEE

(7-1) HHEEVIYEBZIEFEE DACDIREHEE
BL.2MHA 2=V —=7ESEHW5EIc o0 TH(16),
ADTHARES L8 OMAiEEYI FX DIAF2ZE LT
LZEOMAY IFEDLL RN ERRQ01 55505
DAC D 3,5 REHEBR L AL L Z—V —TE5% M
WA OWTIARZEY D B2 ERF A AR L2 ic X
DEBE AT D, NAAZEE 0 BRZERFZEE & 13R(28)~K
26 THEAOND Xo~-XsDANEEEZ 17 vy 7 2 EDIE
FTANL TV eV 2L ThD, TOYY 2 H—

EETE6EY HD, TO6WVIZH LY I —T g
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R 6 OFME D LIZ U TRERZITV, WD R b B I
WTE=22o9%[K 21 IR,
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Fig.21. Waveform in time domain.
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ARY PVORESPEGFT D030 %, L, 256
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22 |2 % OWFRIETE 2 7R~ 7,

(2011%10H208H,
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Fig.22. Waveform in time domain.
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8. EE

AWG WD DAC 12 8,5,7,9 IREHN & HHAIZ 2N T
DSP " HREAESET 2 h—UIEERZT B EBIZONTH
FEAT 572, TERTHE TITEABTHIC IM By DEH DI
ELTLEIZLEZ VI 2L —va I VER LI

17,19,21,23), —7J7. #REFIETIEMB L 72 2 BARPLE O
IM 53 D% v 2 R g8 L7 (14 18,20,22,24), ¥ ¥
vEALESNDERE LT 20112, 2f2—f1 (IM3), 3f1—2fa,
3fo—2f1 (IM5), 4f1—3f2, 4fo—3f1 (IM7),
—4fy (IM9) 7¢ EORARPE OFEFIZAEL HHMIEF ¥ 'L
SINDMN 2f1+fe, 2fe+fi (IM3), 3fi+2f2, 3fe+2fi (IM5),
5fi+4fe, 5fe+4fi (IM9) DRLSIE

Lo, & DM

5f1—4f2, 5f2

4f1+3f2, 4fe+3f1 (IM7).
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13/14
21H)



THERIND IM A XA 2 5B TV 5 72 D #Hs &
R BT WEEZ NS,

9. F&oH

Z O3 TIREE M AD ZBHZRT A S DIZO DIKES 2 b
—ME5% AWG TRAETLFIELREL. ZORDMEEL IR
TN E I 2 L—va U CHERR LT, BT AN EDY
B2 T AWG W DSP O 7' 0 7' 5 A OB D TEEL
T&, AWG W DAC DIEMEMEDRIENRRETH D,
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