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Abstract A novel technique for the generation of millimeter-wave (mm-wave), i. e., frequency sextupling
technique, is theoretically analyzed and experimentally demonstrated. The proposed technique is comprised of two
cascaded dual-electrode Mach-Zehnder modulators (MZMs). The first MZM, biased at the minimum transmission, is
only used for odd-order optical harmonic generation, and then a second MZM, biased at the maximum transmission,
suppresses all odd-order optical harmonics. As an example, a 10 GHz radio frequency (RF) signal, which drives the
MZMs, is considered; and a mm-wave signal at 60 GHz, i.e. , a frequency sextupler, is obtained. Compared with the
conventional techniques without optical band-pass filter, the generated mm-wave signal is robust to fiber chromatic
dispersion. The proposed technique is verified by experiments.
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Fig. 1 Principle of frequency sextupling mm-wave
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Fig. 2 Amplitude and phase of the signal at the
output of the first MZM
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Fig. 3 Amplitude and phase of the signal at the output of the second MZM

TP PSR (4, — ¢ | =n/2 BF, (XA N
E.o(t) =~
J1 (BT, (B Escos (wy — 3w )t — ¢ — ¢, 1+
J1 (BT (B Escosl (wy + 3wt + ¢ + ¢, 1. (6)
Al LLE B HF T wo+ 3w fl oo — 3w, 505 BA
ZIAAR 2N 6w, » BT MZM 1 i JF 28 P 300 5
M) 6 8 i) 3 e e £ 7 A 1 22 B A0 Y R U D AT o
PRI 2 300 3k — A 6 3 108 I B LA 1Y £ S
S LA b B e U I A o 0 ), SXRE DR B R ORI —
= RIS 47 1 wo + 3w. il wo — 3w &3 6 H AR
A AR S B B 6 A T IROR A5 S, B 0 R R
Vo (1) = RIT (B3 (B) Efcos(bw.t + 28, + 2¢,) ,
)
P R Ot L S e g L 5 B

3 LIRS E KA

RSB EWME 1 R, WRAEF 2 iR
B Optisystem BAFHATIT H . B Y6l — 45010
S RO 7 AR P Ky 1552, 52 nm(193. 1 THz)

() LB B - i ATH OB R 30 dBL R E V, A
5 VG AT E 4 FE R 6 dB iy MZM, 5230 R
M RE 55 8% 10 GHz, [] i 3K 2l 1 & XA 1)
MZM, & &5 MZM §) A4~ 38 8l i 2 8] 19 RE [ 5
AL ZE PR KN oo HH — & MZM B & Bk,
ST A0 ) A 1 A R U 43 A AR T A
P A Ca) (T 7R 5 G B 1 o L 4R R 78 RS 0 R ) B
20 GHz g—Brifialy b H XA — B iy (5 5
PER P A B — A MZM e, 87945 e B
(R 5T S O R Y/ o 5 8 R L E R VAP
B FLAE R R /2 AR 22 L &5 S5 i b A A3 33 1] 4
4(b) 7R, AT LA 4 3w, BL P A9 23 2 15 3
TANE . TR R H TR R RN R R A R A 2 AR
SR T B TR RIS DL O T AR X 2 0 I
TR X S 45 B R R A S At — A
7 68 GHz H 0 i %y 1552. 52 nm (193. 1 THz)
F e 307 TR Y D U A MR BR R T B B R IR
oy AR B ORI E B 4o iR, ATLE
OIS R T £ 3w, BRI

1005004-3



H | # ot

BRI ] B IE 4N 6. R RE 5500 6 5. = KRBT . TR ZZKPUE T BRI RE S5
YO B — ORI Z A A AH 22 20 dBm. Fth{s KOS5 S50 560 GHzI A MR & 15 5 IR BUS .
=

BL Rt B W B, BIASRAE 2 HR  Eh
5 350 6 45T RF {5 2 092 K DL 5 1160 GHz22

o® v ®) ©
- -20 30 30 -20 30 _ 30
-20
= g 050 5w g 30 20 dBm
o] o5 o]
=S -30 =) =)
= = -40 o lo = -40 o 1o
s £ £
5 -40 ) o
o T 50 & 50
-50
-60 -60
-60
193.07 193.09 193.11 193.13 193.06 193.10 193.14 193.06 193.10 193.14
Frequency /THz Frequency /THz Frequency /THz

B 4 &1 ab.c fAb B aE &l
Fig. 4 Optical frequency spectrum corresponding to points a~c in Fig. 1

Jy TR LT 05 S B B AT S8 S BT 0 B B I B
O R A R SR R T A (5 S ISR T 3 R A b B Q AR K I L
P T 0 A 1 A IR OB KR Q (R A R
Sy A TP 4 Cb) R . ML 76 R [ i 0 R
EF&IE? Q E’pﬁ EI/‘J EHE] é;% lz] i ﬁﬂ @ 5 B 1 L 100 - % ..... ... —=—without filter|
Tt 5 85T P 0 D 2% 1 7 A B AR S 80
S (55 Q AR I B 25 0 2T K B 1 B Q
(A EAAR N TE 5 e IR B A S50 O
0 A0 = 0 AR E A B A e T
SIEARAE th P 4 T DA A 2% 20 dBrm, T FL iy ]
TAHIZAR I rDELF 55 R F = it 2 1 Y gt %
FRY 1471590 A 8 22 ) 4 900 PR AR L 88 T 0%
T (6 40 5 00 6 7 1L FE A48 D 199 T 36 0 4 £ 110
K U T IR/ DA TR 085 T 8 R A 1R
Q I B 62T I AR AL AR/ T 35 SR P O A4 3 0 2
R E LR DR T ET Y Ev
A% 2o T o 5 57 B 8 2 A HE A T £

R

/

Q at 625 Mb/s

RO OO ok copery e ) USSR

sz

Ol o 1 0 ©
S

5 BHIMARDEAKET QEAZE
Fig. 5 Simulated Q-factor versus fiber length
) S 38 7 3 B AEL T A 7 S 4 AR 9 48 0 km
(Back-to-back) 1 50 km Yt £ 1% iy J5 H 4 3% F1 IR
el o 45 43 SN TET 6 Ca) R Ch) T 7T LA 5 25 119
559D ZH R —42 dBm, JLT-AZE IR E W AR FH AL,

-30 - ; X -
(a) back-+to-back [\ / (b) 50 km
E 10 y'\/\{ 1 &
F JAVAN; T
[« [
g 50 | &
T 6o :
£ -
2 g
“5 =70 Tt “a | I
g 1 )
2 -80 | 3 A . .
<) o i
o9 1 oo
-90 | I I Ml 90
57 58 59 60 61 62 63 57 58 59 60 61 62 63

Frequency /GHz Frequency /GHz

B 6 NG 60 GHz 2K Ay B ik B AR . ()&% 0 km J5 5 (b)) f£ i 50 km J5
Fig. 6 Electrical spectra of the generated mm-wave signal at 60 GHz using the sextupler at the transmission

distances of (a) 0 and (b) 50 km

1005004-4



M. T EEONOE R S BT R TR A A S AR EOR

Xk — 2 B AR J7 G iy th 9155 52 6 4 AR 2
M AR /N IR BT U R RCR .

4 4 e

I 2 HOIS A M S IR HE S B E T — >
B S ARSI I ) =X 38 R A HR G A OB H B K
iy MZM, P85 155 00 e B R s B e /M % i
3 HU AN — B i 981 5 3 0 I B R A )
B RAT A (OB 25 — A4~ MZM iy 19 5 4> —
(B aRs s o 115 i I I i S AR A % - X
XA MZM 9 B A0 A7 22 TR 8 R /2, G0 A
MZM il )5 i 05 5 0k R A = O
Worat, B2 M P332 R RF 550 6 5.
TV B T T R AR R H At TG OGS I A ) R
ARG s JLF- % i o A5 5 A o Bl s g, PRI e Q i A
AR P 32 S 2F v i) 8 /O E A 2 AR /N . 47 B S5 50 UF
T AR RCR .

& X
1J. Yu, Z. Jia, T. Wanget al.. Centralized lightwave radio-over-
fiber system with photonic frequency quadrupling for high-
frequency millimeter-wave generation [ J ]. IEEE Photon.
Technol. Lett. , 2007, 19(19): 1499~1501
2 Zhang Tieying, Wang Hongxing, Shi Jianguo e al.. Spectral
characteristics of dual amplitude pulse position modulation in
optical communications [ J]. Chinese J. Lasers, 2011, 38 (3):
0305001
sRpksE, ELLE ., AR AF. GIEAE OBUR B2 Bkl 7 8 R )
RREAHL]]. #E# K, 2011, 38(3): 0305001
Huang Aiping, Fan Yangyu, Li Wei et al.. Fixed length dual-

w

amplitude pulse interval modulation for optical wireless
communications[ J]. Chinese J. Lasers, 2009, 36(3): 602~606
WEMN, BN, S H. LGB P KPR B ik i e
FIRHILT]. & Bk, 2009, 36(3): 602~606

4 Pei Li, Ning Tigang, Qi Chunhui e al.. Research on PMD
compensation of CFBG in high speed optical communication
system[ J]. Chinese J. Lasers, 2010, 37(1); 142~146
oom, TN, AR F. SHOGEE RGO U s

MR AR (A RO 2[00, P B3k . 2010, 37(1): 142~146

5 M. D. Feuer, J. M. Wiesenfeld, J. S. Perinoet al.. Single-port
laser-amplifier modulators for local access[ J]. IEEE Photon.
Technol. Lett. , 1996, 8(9). 1175~1177

6 W. R. Lee, S. H. Cho, J. Park e al.. Noise suppression of
spectrum-sliced WDM-PON light sources using FP-LD[J]. ETRI
Journal » 2005, 27(3) . 334~336

7 Chen Lin, Dong Ze, Li Ying et al.. Full-duplex radio-over-fiber
system with a novel scheme for millimeter-wave generation by
single arm modulator [J . Journal on Communications, 2007,
28(9): 85~90
Br Ak, OB, 4 BE S CRAHOGIREIE AR BN 4
WLHEAEA LLRBE RG] &4 F M|, 2007, 28(9):
85~90

8 J. Yu, M. Huang, D. Qiane al.. Centralized lightwave WDM-
PON employing 16-QAM intensity modulated OFDM downstream
and OOK modulated upstream signals [ J]. IEEE Photon.
Technol. Lett. , 2008, 20(18): 1545~1547

9 Chen Lin, Cao Zizheng, Dong Ze e al.. Experimental
investigation of direct-detection optical orthogonal frequency-
division multiplexing transmission system[J]. Chinese J. Lasers
2009, 36(3): 554~557
B Ak, W0, OB SE. BRI AYOG IE ASH 4y B RE SOk
g RE LM F BBk, 2009, 36(3): 554~557

10 B. Masella, X. Zhang. A novel single wavelength balanced
system for radio over fiber links[ J]. IEEE Photon. Technol.
Lett. , 2006, 18(1): 301~303

11 C. Wu, X. Zhang. Impact of nonlinear distortion in radio over
{iber systems with single-side band and tandem single-side band
subcarrier modulations [ J]. J. Lightwave Technol., 2006,
24(6): 2076~2090

12 M. Larrode, A. Koonen, J. Vegas et al.. Bidirectional radio-
over-fiber link employing optical frequency multiplication [ ] ].
IEEE Photon. Technol. Lett. ., 2006, 20(18): 241~243

13 M. Mohamed, X. Zhang, B. Hraimel ez al.. Efficient photonic
generation of millimeter-waves using optical frequency
multiplication in radio-over-fiber systems [ C]. Canada: IEEE
Topic Meeting on Microwave Photonics, 2007. 14~20

14 T. Sakamoto, T. Kawanishi, M. Izutsu. Asymptotic formalism
for ultraflat optical frequency comb generation using a Mach-
Zehnder modulator[J]. Opt. Lett., 2007, 32(11): 1515~1517

15 Dong Ze, Cao Zizheng, Chen Lin e al.. Experimental research
on a radio-over-fiber system based on 60 GHz millimeter-wave
[J]. Chinese J. Lasers, 2010, 37(4): 1018~1021
#OE, WF, BROM S BT 60 GHz LKW ML LK
ek R G e WroE)]. F B#ok, 2010, 37(4): 1018~1021

1005004-5



