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10-80-Gb/s Highly Extinctive Electrooptic
Pulse Pattern Generation

Taiichi Otsuji, Member, IEEEMakoto Yaita, Tadao Nagatsumslember, IEEE,and Eiichi SanoMember, IEEE

Abstract—A pulse-rate-tunable, highly extinctive, ultra-high- experimentally verified at pulse rates up to 80 Gb/s. The
speed electrooptic pulse pattern generator has been developed.measured results are also discussed.
The optical short pulse generation is based on sinusoidal elec-
trooptic phase modulation and linear chirp compensation using
a dispersive medium. Filtering the nonlinear chirp components Il. SYSTEM CONEIGURATION
generated by sinusoidal phase modulation drastically improves . . .
the pulse extinction, and makes nearly background-free picosec- A block diagram of the developed generator is shown in
ond pulsation over a wide pulse-rate range even when the group Fig. 1. The PPG consists of three blocks, namely, the optical

delay dispersion value is fixed. pulsation block, the optical data formatting block, and the elec-
trical control block. In the optical pulsation block, picosecond
I. INTRODUCTION optical pulses are basically generated by electrooptic phase

odulation (PM) and dispersion compensation using a highly-

spersion shifted fiber (HDSF). The amplitude modulation
AM) prior to the PM is an additional preformation to improve

(tﬁg extinction. The bandwidth-tunable optical bandpass filter

ECENT progress in semiconductor device technolo%}
has brought the bandwidth of electronic IC’s up int :

the neighborhood of 100 GHz. In order to test these hig

speed chips under actual operating conditions, we have

make large-signal pulse pattern response measurements. Bl e ; .

trooptic sampling (EOS) has a potential detection bandwidif ighly extinctive pulsation over a wide range .Of pulse rates.

of over 300 GHz, and is recognized as a Iaboratory-testAfter contmuogs_return-_to-zero, orRZ pulsatlon, as_peC|f|_c

standard [1]-[3]. Electrooptic pump and probe techniques CBHlse pattern train Is obtalr_led by modulating the "’.‘mp"t“de n

provide both subpicosecond temporal resolution and Iar%c;cordan_ce with the electrical pattern data. The bit rate of.the

signal response measurements [4], but for use in pulse-patt e .trf':u.n can b.e duplexed or quadruplexed by the optical

response measurement, the pulse repetition rate is limited! e-division multlplgxer (TDM) blOCk'

under 15 Gb/s by the electronic pulse-pattern generator, or. he features of t.hls_elect.roopuc PPG are 1) p”'se'r‘?‘t? wn-

PPG. Therefore, practical ultrafast signal sources are urgerﬁ lity; 2) sypchronlzatlon with RF: signals; 3). very low “m'f‘g

required for testing ultrafast photonic and electronic devicd8e" .4) optical power-mdependem pulsat|on;.5) elgctrlpal

[5]-[8]. Pulse-rate tunability and synchronization to eIectriBuI_Satlon cc_)ntrol; 6) peak power gain; and_?) high extlncthn

clocks exciting the device under measurement are essenfill® The first three are fundamental reqwre_ments of tes_tmg

requirements for characterization use. tools. The negt three contrlbutt_a to practical instrumentation.

Sinusoidal electrooptic phase modulation of arownchdi- The last one is the result of this study.

ans and linear chirp compensation makes pulse compression

of 0.1 (elative to the modulation perigdor less from a CW [ll. THEORY

laser light possible [9]. By quadruplexing the bit rates, we have

achieved 10-72-Gb/s tunability using an 18-GHz bandwidil principle of Highly Extinctive Electrooptic

LiNbO3 phase modulator and a dispersion shifted fiber [6&hort Pulse Generation

The problem is the nonuniform, insufficient extinction ratio . . .
varying from 13.5 to 20 dB with the bit rate [10], which A CW beam from a laser diode is electrooptically phase
seriously degrades the pulse eye-opening ’ modulated by a sinusoidal signal. This makes harmonic side-

This paper addresses a technique to improve the extinct*?)‘?’\n.d.S around thg optical carrier _frgqugncy, and repet|.t|ve
ratio (to beyond 20 dB) for the electrooptic pulse patte ositive and n_egatlve freque_ncy_ chirping In every mod_u_latlon
generator with a wide pulse-rate tunable range. Section fpquency perloq as shown in Fig. 2(a). Either the positive or
overviews the system configuration. An optical bandpass fil negative chlrp.mg can be co.mpensaltted for by passing t-he
is introduced to improve the pulse extinction. In Section I oeam thro_ugh a dispersive medium. This causes the bunching
the relation between pulse parameters including the filter bar?é-the optical freqpency compo.nen?s. .
width and the pulse waveforms are theoretically investigated.One pfop'em with this pulsathr! Is the remaining .dc floor
In Section IV, the effect of the filter on the extinction isleVEI' This is caused by t_he positive or neg_atlve chirp com-
ponents that do not contribute to the bunching. Furthermore,

Manuscript received September 13, 1996; revised January 8, 1997. since the frequency chirp is not linear, linear chirp compensa-

E_ewly added in the original generator [10]. This is the key

The authors are with NTT System Electronics Laboratories, 3-1 Morinosa}t.o ield desirabl . d th . | Th
Wakamiya, Atsugi, Kanagawa 243-01, Japan. ion yields undesirable wings aroun the main pulses. These
Publisher Item Identifier S 1077-260X(96)09677-3. two things considerably degrade the pulse extinction ratio.
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Fig. 1. Optoelectronic pulse-pattern generator. HDSF: highly dispersion shifted fiber; TDM: time division multiplexer; SG: synthesized sgai@ir,gen
and PPG: electronic pulse pattern generator.
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Fig. 3. Bandwidth-tunable Mach—Zehnder interferometric optical bandpass
filter.

cates, as shown in Fig. 2(c), that passing the optical spectrum
through a bandpass filter can suppress the nonlinear chirp
components. Either a Fabry—Perot etalon or a Mach—Zehnder
interferometer can be used for this. Assuming a phase mod-
ulation frequency of 10-20 GHz and a modulation index of
aroundr radians, spectral widths range from 50 to 150 GHz.
- M»—— . Time  Therefore, the filter has to be tunable over a bandwidth from
tens to hundreds of gigahertz.

-» Time

B. Analysis
Freque
The filter we tried is a bandwidth-tunable Mach—Zehnder

= Time interferometric filter (MZI) as shown in Fig. 3. The MZI
consists of a pair of beam splitters and a variable delay line.
Intensit According to the desired bandwidth (20-150 GHz for 10-20-
; GHz repetition), the delay value is controlled in an mm range.
“ “ “ The center frequency can be tuned by finely controlling the
Frmeered.. Aerrrreeereeereemerred . e - Time delay value with submicron resolution. When the filter center

(c) frequency is tuned to the optical carrier frequency, its transfer
1 is expressed as

c/lo

Fig. 2. Principle of electrooptic short pulse generation: (a) PM only, (b) PMMZ
& AM, and (c) PM & AM & optical bandpass filtering.

One way to suppress the dc floor level is sinusoidal am- Tavzr = 1 — S sin? {Lfm} (1)

plitude modulation [9], which removes the inverse chirp (2BWnizr)

components in every phase modulation period [see Fig. 2(b)].

We also employed it. However, note that the wings still remaiwhere S is the MZI filter modulation depthy the harmonic
The frequency chirp becomes more nonlinear as the optiecaimber of the spectruny,,, the phase modulation frequency,

frequency moves away from the center frequency. This indind BWz; the filter bandwidth.
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-‘g 5 1B=1.0 Fig. 5. Calculated pulse parameters versus inverse filter bandwidth (normal-
E A b PM & AM & M21 ized to the optical spectral width) fér = 1.2r and B = 1.3.
= N BWwuz = BWsp
T 3 . . . . .
ﬁ . PM & AM & MZi wherel’,,, is the sinusoidal amplitude modulation depth,the
g 2 BWnz = BWse/ 2 nth Bessel functionf,,, the phase modulation frequendythe
g 1 phase modulation index{w) = 86/dw the group delayA the

wavelength¢ the speed of light, ané} the bunching parameter

0 T T T T T
0 012 0[4 0[6 0{8 1 [the product of the frequency chirping rate and the group delay
dispersion (GDD)]. An optimum bunching condition is given
Normalized Time (x fm) by B = 1 where the frequency chirping caused by PM is
optimally compensated for. & value of less/greater than 1
8 means under/over chirp compensation [9].
%‘ 8 g = 11-23" < PM&AM From (2), we see that the pulse waveform can be expressed
§ 6 — ’ / oM & AM & MZI as a function off and B when it is normalized tgf,,,. Thus,
= 7 BWwz = BWse the effect of filtration on pulse waveform was investigated
§ 4 with 6 and B as parameters. Typical results of calculated
s PN e, pulse waveforms for severdl and B conditions are shown
g 2+ in Fig. 4(a)—(c). Simple PM shows both a dc floor level
z

and wings. Sinusoidal AM effectively suppresses residual DC
floor levels [9], [10] while maintaining the pulse height, but
0 0.2 0.4 0.6 0.8 1 the wings still remain. When the bandwidth of the MZI is
narrowed to half of the optical spectral widtk%46f,.), the
wings almost disappeared, and the ratio of main pulse height
Fhig-f{t- CbaICglat;cri] pulse Wertlveforn_ns |for differ?‘msllgcil1 B \%alues. _BVYMI_: ~ to wing height drastically improves over a widerange from
e et a'vgggf’é ;tnoe\zlvgft;atthiiztirdin\iwctlv' "Tghi"e“'ca 20510.8 to 1.3. The pulse peak power still exceeds the average
incident CW power.
It is also noted that, in comparison with Fig. 4(b) and (c),

The envelope of the generated optical pulse intensithe pulse compression ratio after filtration for= 1.47 and the
|Eo(t)[2nveroper 1S €Xpressed as follows: optimum bunching B = 1) is lower than that for a les$ of
1.2x and overcompensatiorB(= 1.3). This indicates that the
optimum pulsation condition yielding shorter pulsewidth and

Normalized Time (x fm)

| Eo(t)] 2envelope smaller wings, with and without optical filtration is different
o] Tnfm in each case.
x<1—5-¢sin = . . .
(2BWz71) Fig. 5 shows the pulse parameters versus the inverse filter

- °0 bandwidth (normalized to the incident spectral width) for
- | sin {Z 1T, sin (27rfmt)]} X Z Jn(0) 1.2r andB = 1.3. Note that the time bandwidth product (TBP)
n=—o0 decreased from 0.53 (without filtration) to less than 0.30 as the

2 filter bandwidth narrowed to half the spectral width. Thus,

coxp {=i2nf [t = vl - 5}

9 a background-free soliton-like pulse (TBR 0.32) can be
or generated by bandpass filtration. This is the result of effective
B =- <a) x (GDD) spectral narrowing while mostly maintaining the pulsewidth.
e When the filter bandwidth is not much narrower than half
= 427 f2 5<)‘_> <ﬁ> (2) the spectral width, the pulsewidthcan roughly be estimated
"\c A by the following semi-empirical formula derived for pure-PM
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Fig. 7. Extinction ratio versus fundamental phase modulation frequency for

5 quadruplexed repetitivel) 110100---" pattern. (a) PM only, (b) PM &
4 AM, and (c) PM & AM & MZI.
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Fig. 6. Extinction ratio versusé and B for quadruplexed repetitive _. . ) .
“10110100- - -* pattern. (a) PM & AM and (b) PM & AM & MZI. Fig. 8. Transfer of a dedicated MZI filter at pass-bandwidths of 25, 50, and

100 GHz.
pulsation [6]: extinction for eacly,,,. Pure sinusoidal PM gives nearly 10-dB

B%27 4 0.03B729 — 0.59 extinction. The addition of sinusoidal AM partially improves
T= 260exp (—0.34B=22) ¢ (3) the extinction, but it is stronglyf,,-dependent. In contrast,
AM & PM & MZI can maintain over 20-dB extinction in the
fm range from 10 to 20 GHz. This indicates that the good
extinction is obtained at pulse rates from 10 to 80 Gb/s. From
this result, the optimum GDD value for obtaining a tunable
Prange fromf,, to 2f,, is given in a general form as

Assuming today’s LiNb@ modulators withV' 7 of ~5 V and
RF power amplifiers with a 1-W saturation, obtainablés
limited to less thar2x. Even if the GDD value is fixed under
such a weaks condition, we expect that a wingless puls
compression to 0.1 or less can be performed in a wige

range from a lower limit frequencyj to twice thefy. This is GDD = +28.0¢ (psinm). (4)
very important for practical instrumentation where the pulse faA

rate is to be quadruplexed, since it is hard to control the GDD

value electrically. IV. EXPERIMENTS

The pulse extinction ratio versusand B in the case of a
quadruplexed repetitivelH110100 - - -” pattern was calculated. A Measurement Setup
The filter bandwidth was optimized to obtain the best extinc- In order to verify the analytical results, we conducted some
tion for eaché and B condition. This is shown in Fig. 6. When experiments on pulse pattern generation and measurement. The
the pulsation occurs without MZI, a good extinction ratio obptoelectronic components in the electrooptic PPG are the
>20 dB is obtained only in a very restricted region ot same as those in [10] except for the newly added MZI filter.
0.8t and B = 1.6. Introduction of the MZI to PM and AM  The measured transfer characteristics of the dedicated MZI
drastically enlarges thé and B range that achieves20-dB filter are shown in Fig. 8 as a function of the delay value. A
extinction. good extinction ratio of over 25 dB is obtained over the pass-
Fig. 7 shows the calculated extinction ratio vergisin the bandwidth from tens of gigahertz to hundreds of terahertz. Its
case of a quadruplexed repetitived110100 - - .” pattern. The transfer characteristics also coincides well with the theoretical
GDD was set to be an optimum value 85 ps/nm so as to ones.
cover thef,, range from 10 to 20 GHz and B values as  We prepared two measurement setups: one for low bit-rate
well as the filter bandwidth were optimized to obtain the besteasurements at around 40 Gb/s, and the other for higher bit-
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Fig. 9. 100-GHz bandwidth optical signal sampler: (a) block diagram and
(b) impulse response measured with a 350-fs-wide soliton pulse.
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rate measurements. The former included a 40-GHz bandwidth
p-i-n photodiode ¥-104) and a 50-GHz bandwidth electronic
digitizing oscilloscope (HP-54 124T). For the measurement of
an ultrafast optical pulse pattern waveform, a dedicated 100-
GHz-bandwidth optical signal sampler [11], [12] was used.
The block diagram of the optical sampler is shown in Fig. 9(a).
It consists of a wide-band waveguide p-i-n photodiode, an
electrooptic sampling head, and a bias/termination network. Time (50 ps/div.)
The EOS head is made of a $Deoplanar waveguide on an ®)

InP substrate. The InP substrate acts as an ultrafast electroo';_;)_tic10 ol " forms for & 40.Gb/s RBT10100. . repet
19. . uise pattern waverorms for a - S <o repet-

tran_sducer. . . itive pattern.f,,, = 10 GHz,6 = 1.5, GDD = —35 ps/nm. Upper trace:
First, we measured the impulse response of the sampler itsalfs.AM; lower trace: PM&AM&MZI (BW yz1 = 55 GHz). (a) Calculated

[see Fig. 9(b)] using a 350-fs-wide soliton pulse [12]. Thergnd (b) measured.
we measured the target pulse pattern waveforms. Finally,

we deconvolved the sampler response from the measufRdasurement. The extinction ratio of the measured signal is
waveforms. The sampler itself had a 3-dB bandwidth of 1QQimated to be over 20 dB.

i

Intensity (arb. unit)
X/

et ai
s

GHz. Fig. 11 shows the waveform at 80 Gb/§,( = 20 GHz).
) ) The 6 and B values were set at Gi8and 1.77. As seen in
B. Results and Discussion Fig. 6, at this upperf,,-limit condition, MZI can no longer

By setting the optimum GDD value te35 ps/nm, we tried work effectively, and so it was eliminated. In contrast with
to generate the quadruplexeti0110100---" pulse pattern in Fig. 10, the smallé and largeB value creates a relatively
the f,, range from 10 to 20 GHz. As seen in Fig. 6, thdarge pulsewidth with small satellite pulses that contribute to
extinction ratio is critical at the lower and upper limits ofa good extinction of over 20 dB. For both cases in Figs. 10 and
fm. Typical results for these critical bit rates of 40 (20 11, measured waveforms almost coincide with the calculated
4) and 80 (20x 4) Gb/s are shown in Figs. 10 and 11lones. The residual pulse-height variation is attributed to the
Fig. 10 shows the waveforms at 40 Gb/§,(= 10 GHz) unequal dividing ratio of the TDM used in this experiment.
measured by the electronic digitizing oscilloscope. Trand Small disagreements in the pulse-to-pulse distances are due to
B values were set at Ir5and 0.83. The largé but insufficient misalignment in the TDM. Throughout this experiment, good
GDD value makes large dull wings in spite of a rather shoetxtinction ratios over 20 dB were confirmed over the pulse-rate
pulsewidth, which results in a considerably worse extinctiomnge of 10-80 Gb/s.
of about 5 dB for pulsation without MZI [see Fig. 10(a)]. In order to demonstrate the effect of MZI on extinction at a
When the MZI bandwidth narrows to 55 GHz, the bottomelatively high bit rate, another experiment was conducted. A
level between the successive “1” pattern almost reaches #&Gb/s 10110100 ---" pattern was generated for AM&PM
original zero level. The large overshoot at falling transitioand AM&PM&MZI. The pulsation conditions werg,, = 18
just before the successive “0” pattern is due to the undesirel@délz, 6 = 1.2 7, and GDD= —-14 ps/nm. The GDD was
peaking characteristics of the p-i-n photodiode used in thistentionally set to a nonoptimum value to provide insufficient
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- - MMIC power amplifier has been developed [14]. Assuming
2 these technological advancements, generation of 200-Gh/s
; . i pulse pattern (4x 50 Gb/s) will be practicable in the very
8 near future.
>
g V. CONCLUSION
£ A b We demonstrated a widely pulse-rate-tunable, highly-
I e extinctive, practical ultra-high-speed electrooptic pulse
Time (20 ps/div.) pattern gen_erator_. A bandwidth-tunable,_ Mach—Zehnder
interferometric optical bandpass filter was introduced to the
Fig. 11. Measured pulse pattern waveforms for a 80-Gb/s Rgriginal generator based on electrooptic phase modulation

“10110100---" repetitive pattern for PM and AM (MZI filter is not
used).f,, = 20 GHz,6 = 0.8r, GDD = —35 ps/nm. Solid lines: Measured.
Dashed lines: Calculated.

and frequency-chirp compensation. Filtering the nonlinear
chirp components generated by sinusoidal electrooptic phase
modulation makes a highly extinctive, nearly background-free
picosecond pulsation possible. Analytical results suggested
that a good extinction of>20 dB (electrical) could be
obtained over a wide pulse-rate range from a lower limit
rate fp to 8 fy by time-division quadruplexing the pulse rate.
Using a set of 18-GHz bandwidth LiNkOmodulators and a
single dispersion shifted fiber having a group delay dispersion
of —35 ps/nm, a repetitive pulse pattern was generated at
pulse rates from 10 to 80 Gb/s. A good extinction ratio
of >20 dB was experimentally verified over that pulse-rate
range. This proposed technique will become indispensable
for practical pulse pattern generators used in testing ultrafast
electronic/photonic devices.

Intensity (arb. unit)
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