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Abstract:

carrier multiplexing systems, the situation for two radio frequency signals inputs is discussed and an exact analytical

For the single-drive Mach-Zehnder electrooptical modulator applied in radio over fiber (RoF) and sub-

solution for arbitrary order inter-modulation distortion (IMD) and harmonic terms is derived. The correctness of the
analytical solution is approved by numerical results. Analytical results indicate that the third-order IMD is
independent of the offset phase shift of the modulator and is only dependent on the modulation index of RF signals. In
addition, when the applied offset voltage equals the half-wave voltage of the modulator, there are only even-order
distortion terms. With the presented analytical expression, it is convenient to design the analog optical
communication systems, precisely predict the nonlinear characteristics of the external modulator and optimize the

system’s performance.
Key words:
over fiber

1 5] El

IR, L L AR (Radio over Fiber, RoF)
FEARBRENR, B AT A FA% BN E
%I TRV R R B @ F A M T REACHE
REMEREHEGEAEENMAY . BIRE
AR FET AL T XANE, T TLEARRA
B EH T X (REERFFES LT RAHF
AR O . MR E T WA HE . 2 FEE 1
ER U b 8 ] A~ 59 45 2% . B E BT U A Bl 2R

optical communications; Mach-Zehnder modulator; inter-modulation distortion; nonlinearity; radio

HRITHK. A LLB AR THIERERER A B
FRIE R BB KRR RARRR A . L
G R BT A AR . R 1AL Bl R AR R
GEH KT 10 Gb/s) A T B H B ML i 3k
5 e LTpN

JEEF RLR AR FBEBEE LR X REH &
TR AR PEARRS LB U, IR R E A T RE S
BAGERN T E G, B E RERIT P HEFH
B EB&ERE TR NIERERE. BEERLIRR

x E R B RBFER 4 (60407011 FHFILA B AP FZ S (Y104073) % BHIEE .
EHRAN: W H972~), B WimB M AL BI#3F, EL, TEAEXRME S5 HEE LT TESMBOE TERE.

E-mail: chihao@zju. edu. cn
Weds B #5 . 2005-08-18; U BIME AR H 3 2006-02-07



1620 b/ ¥ ¥ # 26 &

TRMERE, e RERBEARAMEMREEER AL WA RENSREECEFRERORLCRIY
ORI B R AMAS S, R DA R AR IR XUERBENRENTITERE RS K
(MZM) R W B ERTZERAASNAG A2 SO SR R k- T8 /R VA il 2% , 118 P B 3 A5
—. ERIBMEARSE T, ARG MMERAHEN SEWANBREIEARSE. SH TRAGBSELALE
EHERKRERE MR RRIFLERE, ER5IE  EBARETR.
Ok G > 557 ’ 5] »

i

Bt X B Y T - PR A % - 5 RS P B S O

AT FEFELEREZREAR N R,
S ﬁ 2 1
WA (9 Th -8 78/ B 2 28 4 4 F B L i RS HAREIE D18 R & eE S

4 §
TR A A A B M e BRI
A(t) = Ay {1+ expljmicos(w t) + jmscos(wst) +i0]}, ¢D)

ot w1 v T B S AR BRI A AR s omy o D AR DL B 3R A 2R B CIE B TSRS 2D L 0, O Al B oL TR 51 A9 O B
. (1) A58 RN R K

A = A, + Ajexp(joy) 2 a,exp(pwit) 2 byexp(gwat) » (2)

p=—c0

Hrfa, =73],(m) b, = jJ,(my) , ], (+) RN & 5 —3K N %ﬁ\l‘g%ﬁ
BHESRIE A(w & AW KRR,

+m

Aw) Ao3(w)+AoeXp(]0)—[21r a,0 (w— pm)xznz)ba(w—qwz)]—

p=— 9=
4oo  +oo

Ap8(w) + 2nAgexpGO D D) ab8(w— pwr — guws) » 3

p=—coqg=—0c0

Heop x FRBRRG . BRIDERFENSFEFIr#elsE, P =AW - A" (0, PO AR HHES
R B TR )

Plw) ——mw) x A () = %TAé(xw) +

4oo oo Foo  Foo

AlexpGO) D) D) abd(w— por — qus) + Alexp(—i) D) D) a;b;8(w— poi — qus) +

p=—ocog=—c0 p=—o0g=—00
+oo +oo +o0

ZHAZ 2 2 2 2 Ap, bql aﬁz qu 5[0)_ (ﬁl + Pz)an - (Q1 + QZ)a)z]y (4)

P =00 =—0p, =—00g, =

HFR M+ N HBEERREMN MEEERHEHBLEM + N> 0, RITEL QD KGHHERA
Mm +N(,()2 E@i%“?ﬂilﬁ 8((()_1\41)1 - N(,()z) E‘J%\ﬁ TM’No
(4) RAELE - TRIRL B TN = 05 5305 IR BN

9N = A} exp(j@ayby = Aj exp(j@)jM]M(ml)jN]N(mz ) &)
WOXERE=ZTHREH
TYN = Afexp(—j@anbi = Ajexp(—iDj M Iu(m)j NIn(my), (6)

() A2 5 IR R 2% H R BN N

TMN—ZnAoZaaMpEbqu=
=

p=—0

+oo
2nA] 2 (521, (m )i ™My (m )T o D0 [T, (my )i NIy (my) ] =

p=—c0 g=—

+oo +oo
2rAL MY 2 L(—D*] ,Gn) Iy, (my)] 2 [(— D™ exp(2¢8,)]  (my) ]y (my) ] =

p=— g=—°°
+oo teo
ZTtAgj_M_N 2 [pr (ml)Jpr(ml)] ° 2 [qu(mz).leq(mz)ja )

p=—o° =



118 oW, RARE D RS S N EE K BT 1621

FEMESSEES, AT RXREAERX L () =

(DI (@ ERLEHERX, TBEENTHA

Graf gk @ H# , RYE Graf k@, (DR FTILE K
TN = 27A5 M N Ju (O N (0D, (8)

AR DU SRR R A PRI, 2 & = 0 B, 1, (0) = 0,
F I, JE K Mo, + No: FIIERRRC E45H,
SZAHEK, Mo + N, BIERRECA

4

TN = SYTEN — AZ([MNexp(ig) + 7 Vexp(— i) War (ma )Ty (mz) + 200 ¥ NI (I (0}, (9

i=1

X S Gk B9 A A Rk 3K, T LA DT (8 B9 R 7
P B S B A S AR O TR R B B LA R B
A BB . [FR, (9) SAEAEAT 1% 50 F Mz, o
wEENMESHEAHFHSREARAH AT X,
PO LR B 0 B b BO7 N e /MBS A
AL BT 30, XA RIBNEWHHHR L, R REX+
TFHORANIR, TR 7

3 BEARSITE

Hy B U T 445 T e T AR 2 0 TE B TR AT 8
S 4 47 IR B R = 9 92 B B A A L
B LR, AT B S 0E S EH an s B
B2 1 V8 6 2 KA 7] GV 6 2 BT B T 5 0 30
%) RMEMBH n/2, S % E 1 IMRS 2 X
H Pay, 0 /Pu o RS HRHTARE 2T 5
B PIE W& B 0

-20

IMR3 /dB

¢ Numerical
-35 -~ Analytical

0 0.2 04 0.6 0.8 1.0
Modulation index

Bl ARSH=MERARELSARNREXR
O==/2,m =my)
Fig.1 Relation between the third-order inter-modulation
distortion ratio and modulation index of the

modulator (§=x/2,m =m;)

BT HPE R B R AR AT AR AT LUK B R
PRGN E Y &, WE 2 fis. BHSEam
RELR 43 5 A oy A T R 4 S O BRI o AN EL TR U
27 —an HYZI AR ] R BB AL, B S A7 S 2
BETERSR.

g
g R
= m e
g = -30 .
O =~
S £ g
=5 o Numerical 1st harmonic
é & o lo o Numerical 3rd—order
g -50 intermodulation
Z : — Analytical 1st harmonic
-60 - - - - Analytical 3rd-order
. intermodulation
70 N "
0 0.5 1.0 1.5 2.0
Modulation index

& 2 ﬁ%ﬂ%ﬁ%ﬁﬁ%EEMﬁzﬁ (O=n/2ymy =my)
Fig. 2 Third-order inter-modulation distortion intercept

of the modulator (§==/2.m; =m,)
H 7% AR B AR A =B B R R,
B 3t Tt BB RS R ERERWTA
MR mEREN=MERRERAEZW, FE 14
G R, AR R, M ERRE R BM
Ko EAGERFB RS A0 = BIR K EZ R8T
TG R L, T 54 A (0 R B D) WA R R
(=I5 TR 4, L B 9 0 0~ i, B
W ERFETE A AR IR B R D .

0

¢ Numerical m=0.2
-+ + Analytical m=0.2
5 o Numerical m=0.5
= = Analytical m=0.5

¢ Numerical m=0.8
— Analytical m=0.8

8-10
z
(2]
ot
S_1bFr-a----F -8 -8- L= -0 -2 -4
-20
R R R L R IR NI o TAPI (PPN AP (N
-25

0 02 04 06 08 10
Offset phase shift /rt

B3 AREHABET=ZMERARXELSREMBENH
KE O =my)
Fig.3 Relation between the third-order inter-modulation
distortion ratio and bias phase shift with different

modulation indices (m; =m,)



1622 ot 2

2%

# 26 &

()4 th B i T it A DL AT 20 T 4 T 9 9 B3R
RE, B FHEBOEB G B 4 HHTRA
P35 5 B R O T, Ho — B A 5 B9 4% B i U5k B O
BMBEAREI, NIXE R A MR 7 BB
N w/ 2B R BT U B 2k AR IO i, U7 1 A7 5
WHIE R (R A A FET R RO ERRETD,
TEAM EAHE O = RS T4 M 4 iE n V. 59w B
Fe Bt 377 70 £ 5 0 8 1 38 0 D AR A A 77 7 1 4L
WHRERKETD , HLXAER AT UEZEMN (K
B, XSLRERBEZSMAN. Hi, HE %
T M BAR S » 75 B 3 A R = YO I
i, B B L R B Ve BERA AR . KX
RWTFE W, K 3 4 W59 =B B -5 e B A AL T8 % 59
JE R R B — B ORI = B S 1 B AR A% R 224 .

0
% 1st order harmonic wave
o -10t
<5}
2
8 -20+
=
230}
S
k=t
50
E
-50
5 4th
Z.
—60 ‘ ‘ ‘ .
0.5 0.6 0.7 0.8 0.9 1.0
Offset phase shift /nt

E 4 Kﬁﬁﬁ*ﬁ%? E/‘J% F)’I‘i%ﬁlﬁ$(ml =m; =0. 2)
Fig. 4 Power of different harmonics with different bias

phase shifts (m; =m; =0. 2)

4 gk 1

ZRSCH IR A T AR Y I - Al R U 2% B
HIRKEMBITRER, NHZREXT FEH S
BT 8 1 25 7E 0 BE S0 UG S A RHER B B R E M
TR BB B 0 45 SR UE B T I AR AT AR Y TE B

o IZMAT LA — 2 h F 458, Al & =
Br B AR B SR B AR TR, R 5 IR % &R LR S
IR R, HMEHRIERN V., B, B ERAEHK
YRRV U TOURN LR 25 ™ AR, BT 5 S0 AY 1
ME IR B (AR A B ME. B T4
3L MR RRAT SR BT 7 B M B e A TR ER
B 15 2 58 A% T b T 3 94 1 2% 69 JF Lkt dy
e AL R Gtk RE

2 % x #

1 Haihan Lu, Yingcong Lin, Yuanhong Su et al.. A radio-on-fiber
intelligence transport system based on electroabsorption modulator
and semiconductor optical amplifier[ J]. IEEE Photon. Technol.
Lett. , 2004, 16(1); 251~253

2 A. V. T. Cartaxo.

dispersive optical fibers and its application to design of dispersion

Samll-signal analysis for nonlinear and

supported transmission systems with optical dispersion
compensation[ J |. IEE Proc. Optoelectronics, 1999, 146 (5);
213~222

3 Senlin Zhang, Phil M. Lane, J. J. O'Reilly. Assessment of the
nonlinearity tolerance of different modulation schemes for
millimeter-wave fiber-radio systems using MZ modulators [ J].
IEEE Transactions on Microwave Theory and Techniques, 1997,
45(8): 1403~1409

4 Wang Anbin, Wu Jian, Lin Jintong. Switch window analysis and
optimization in EAM-based demultiplexer[ J]. Acta Optica Sinica ,
2003, 23(10): 1210~1214 (in Chinese)
S L TN I -3 T - O = A @ B o - B v W R R
S BARAGLT]. % 53R, 2003, 23(10): 1210~1214

5 Per Olof Hedekvist, Bengt-Erik Olsson, Andreas Wiberg.
Microwave harmonic frequency generation utilizing the properties
of an optical phase modulator[J]. J. Lightwave Technology,
2004, 22(3): 882~886

6 Chen Haibo, She
electrooptic modulator and its optimal design[J]. Acta Optica
Sinica , 2004, 24(10) ; 1353~1357 (in Chinese)
BRig B, X T, MBI HI S0 IR B S e R B R4k R IHT]. A
2, 2004, 24(10); 1353~1357

7 Wei Guanghui, Liu Jie, Zhao Changmin et al.. Cascading acousto-optic

Weilong. Temperature dependence of

modulator used in linear chirp waveform coherent ladar system[]7].
Acta Optica Sinica, 2002, 22(6) : 739~742 (in Chinese)

BOBME, X AR SR, FRIBCIR Bl O 0 8% i S Bk A
IEORE IS REF MR 5 F4, 2002, 22(6); 739~742



