2214 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 15, NO. 12, DECEMBER 1997

Optical Frequency Domain Differential
Phase Shift Keying in Femtosecond-Pulse
Spectral Modulation Systems
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Abstract—We propose a novel scheme of differential phase main to propose a novel coherent optical communication
shift keying (DPSK) in the optical frequency domain. We take scheme, which we terrfrequency-domain differential phase
advantage of the intrinsic coherence among spectral elements de'shift keying(FD-DPSK). We also present appropriate receiver
rived by spectrum slicing a femtosecond optical pulse, introducing .
differential phase modulation between adjacent spectral elements 0,'65'9”5 for S‘%Ch .a spectrally moqwam‘d fs-pulse OTDM op-
with a femtosecond-pulse shaper. Detection of the differential tical communication network, using a Mach—Zehnder or a
phase is achieved by a Mach-Zehnder (MZ) or Sagnac inter- Sagnac interferometer. Both Mach—Zehnder and Sagnac FD-
ferometric receiver without requirement of any external phase DPSK receivers are capable of handling OTDM channel
reference. drop and demodulation of FD-DPSK simultaneously. We

Index Terms—Acoustooptic deflector, coherent modulation/ demonstrate the feasibility of these receivers by computer
demodulation, differential phase shift keying (DPSK), electrooptic simulations. Finally, we show a Mach-Zehnder FD-DPSK
demodulation, femtosecond mode locked laser, optical fiber receiver can achieve higher performance in a noisy net-

communication, optical fiber dispersion, optical frequenc . : .
conversion P P P q Y work than a direct detection receiver for a comparable ASK
signal.

I. INTRODUCTION Il. BACKGROUND

ECENT developments of spectral phase and amplitudeRecently, Hillegaset al. demonstrated programmable fem-
modulation techniques permit shaping of femtosecor@isecond optical pulse shaping using a spatial acoustooptic
(fs) laser pulses, which is an attractive technology for teratiitodulator (AOM) in a zero-dispersion line [8]. Although the
per second (Th/s) communication systems. Several reseapgRciple of pulse shaping is the same as other technologies,
groups have explored pulse shaping applications such as g&m-AOM pulse shaper potentially has advantages for practical
erating arbitrary fs pulse sequences for optical time divisig@pplications in optical communications because of its fast
multiplexing (OTDM) transmission [1]-[3], optical signals forupdate rate and availability at lower costs. Other technologies
spread time code division multiple access (CDMA) [1], [4]employing a liquid crystal modulator (LCM) array [1], [2]
[5], or spectrally modulated fs pulses for wavelength divisioAnd a semiconductor electrooptic modulator array consisting
multiplexing (WDM) transmission [3], [6], [7]. of GaAs/AlGaAs quantum well devices [6] are demonstrated,
Phase modulation is often superior to amplitude modut LCM arrays have slow update ratesnfilliseconds), and
lation for communication applications, since an amplitud@@miconductor modulator arrays with high spatial resolution
modulator will generally throw away 50% of the transmitare not yet commercially available.
ter power. Unfortunately, optical direct detection devices asA typical AOM pulse shaper has 100 to 1000 bit effective
normally used are sensitive only to the amplitude of th@pectral modulation resolutions with 1-13 access times,
laser pulses. In a spectral modulation system employingaad allows data coding speeds from 0.1 to 1 Gb/s, depend-
fs pulse shaper, each spectral element has a well defifieg on the aperture size and the modulation bandwidth of
phase relation with respect to all others, since all spectthe AOM. Thus, an fs laser and AOM pulse shaper in an
elements are derived from a single fs pulse. We utilize th@ptical communication system as the transmitter can achieve
coherence property embedded in the optical frequency db-Subscriber-to-subscriber transmission from 0.1 to 1 Gb/s.
However, such a system would achieve this transmission
_ , _ , rate with an extremely low duty cycle, permitting aggregate
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L [ll. SCHEMATIC OF OPTICAL FD-DPSK
In FD-DPSK, a transmitted data sequence is coded as
[ Poa | the phase difference between a pair of adjacent spectral
: Spectrum elements of the shaped optical signal, as opposed to the

analyzer

conventional (time domain) differential shift keying method.

i )
( W (_:OOPS_»)W« At the receiver side, we wavelength-shift a received optical
Fiber link i - signal by the separation of the spectral elements, and interfere

wavelength-shifted and unshifted signals to produce an am-
plitude modulated optical signal for detection. This FD-DPSK
scheme eliminates the requirement for either a phase reference
pulse from the transmitter or a local oscillator as required
in a traditional coherent optical communication system. Note

. . that performance of conventional heterodyne detection with a
Fig. 1. Proposed architecture of a Tb/s, femtosecond-pulse WDM syst%gc | il is limited b he d . . |
using a high-resolution spatial acoustooptic modulator. A transmitter includ a .C.)SCI ator Is limite - ecause_ the detection Is eXter'me y
a 100-fs modelocked laser and a high resolution acoustooptic pulse shapeseémsitive to phase error in the signal or the local oscillator

the pulse shaper, a spectrum of a 100-fs optical pulse is modulated in ph\féfe]’ [11]_

and amplitude by 500-bit data using a 100-MHz bandwidth, traveling-wa . L .
acoustooptic modulator (AOM) in a zero-dispersion line consisting of gratings IN the conventional DPSK the carrier is modulated with

(G1, G2) and lenses (L1, L2). (See [3], [8], and [9] for experimentgdbhase symbols corresponding to a differential symbol sequence

Qemonstrati_ons.) The modulated signal occupying only a_200-ps time Windq‘ﬁ, the time domain and the received signal is demodulated by
is then multiplexed in a 5-GHz OTDM system and demultiplexed at a receiv

er. . . .
The resulting signal can be analyzed by a spectrometer for detection of a sigﬁi@FeCtmg phase rOt?-t'on between SUCCG§SIV€' Sympm phases.
in each spectral element. PDA stands for a photodetector array. As an example of binary DPSK, we consider saibit binary

sequences; € {0,1}. The corresponding DPSK sequence
-++,b,} is defined by the following relation:

H Synchronization

Spectrél-li )
Modulated
Data

5GHz
DM
_| switching| -

200-ps TDM slots

size of the AOM is 20 mm, which corresponds to an acceégo7
time of =5 us, and the carrier frequency and the modulation o {0, fori =0, (1)
bandwidth are 200 MHz and 100 MHz, respectively. The input 7 (@i + bi—1)mod 2, fori=1,2,---n,
data sequence at 100 Mb/s is converted to a radio-frequency ] ]
(RF) signal with a 100-MHz modulation bandwidth. The Rivhere “mod 2 stands for modulo 2 arithmetic. The phase
signal then creates a traveling acoustic wave in the AONYMbols are then given by

An acoustic waveform containing 500-bits of information b = ;. @)

completely fills the aperture of the modulator in;s. At

this point, the spectrum of a 100-fs pulse, generated by tRg ,,-pit DPSK sequence requirds, + 1) bit transmission,
gratings and lens, is sent through the modulator and deflectgg-c we retrieve transmitted data by phase differences be-
with the amplitude and phase information of the modulating,een successive bits. In an ordinary RF communication
RF waveform. As_a rgsult,_the full bandwidth of 5_ THZgystem, DPSK is implemented as a sequence in the time
of a 100-fs pulse is sliced into spectral elements with 1@umain. The differential phase between successive bits is
GHz bandwidth. Since the spectral profile is approximatefhtained by either interfering or mixing the received input
rectangular, each spectral element occupies a 200-ps tiginal and its replica with a delay of the time interval occupied
window by the Fourier transform relation. The output pulssy one bit information.
is a superposition of all modulated spectral elements andyowever, in the FD-DPSK approach, the differential phase
occupies the same 200-ps time window every:& Thus, js introduced as the phase difference between adjacent spec-
incorporating 25000 transmitters in a 5-GHz OTDM networkys| elements of a coherent spectral-modulation system; the
we can achieve, in principle, 2.5-Th/s aggregate throughpi#formation is retrieved by an interferogram between ad-
in an ideal system, or a short haul fiber communicatiggcent spectral elements by means of a wavelength shift.
system. First consider a transform-limited ultrashort optical pulse in
An important feature of this scheme is that users cafe frequency domain. (Here, we denote optical frequency
select an arbitrary transmission speed up to the modulatighpreviately as frequency.) We assume that the portion of the
bandwidth of the AOM, without requirement of any adjustmergyise spectrum that will be used for communication has a
of the OTDM switching system. This transmission scheme ¢gnstant amplitude profile with spectral bandwidiw, but
useful for a local area network with a large number of usejisis straightforward to generalize the analysis. The spectrum

for access to highly fused data transmission. In practice, thegethen sliced into(n + 1) spectral elements for spectral
will be a limit set by interference or crosstalk between highmodulation

density spectrum-sliced elements. Note here that one 100-fs n

pulse with 5-THz bandwidth is sliced into 10-GHz spectral Ec(w) _ ZC rectw — w;, éw) 3)
elements containing 500 bits of information, and that each
spectral element is phase coherent with all other elements, for
a moderate distance of optical fiber transmissions up to a fevhereE, (w) is the (complex) field amplitude as a function of
kilometers. optical frequency, C' is a constant, and the rectangle function

=0
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is defined as
_[1, for —la|/2 <z < al/2,
rectz, a) = {0, otherwise (4)
For the sake of convenience, we assuthe: 1 hereafter. The ;
central frequency and the bandwidth of tite element are Output
given byw; = wo + 16w andéw = Aw/(n + 1), respectively, Spectrum

wherew is the central freque_ncy of _the s_pectra_\l element ﬁlg. 2. Schematic of a simple FD-DPSK receiver. The receiver is realized
the longest wavelength. The differential shift keying sequena@h a Mach-zehnder interferometer and a coherent wavelength (frequency)

can be phase-modulated in the coherent optical pulse usﬁlﬁl%er denoted astéw. The input signal is split and combined after a
wavelength shift on one arm of the interferometer. The spectra at the combiner

the Convent?onal DPSK definition in (1) and (2)’ except NOYhd the output interference spectrum of the two signals are indicated on the
the phase differences are between spectral elements, by us@jafhand side.

the aforementioned pulse shaping transmitter. We express the

phase-modulated spectral signal as where+(a;) is a phase function with which we can uniquely

. n . decode the symbeai; € {0,1,---m—1}. Then the generalized
Ey(w) = ZeXp(N)i) rec(w — wi, 6w). () form of the detection (7) for am-ary system is given by
=0
A simple FD-DPSK receiver consists of either a I (w) = %rect(w — w;, 0w)[1 + cos(ep(a;))]. 9)

Mach—Zehnder or Sagnac interferometer with a device for a
wavelength shift corresponding to an optical frequency shift By a simple phase detection achieved by (9), an assignment
+6w on one arm, and an-channel spectrum analyzer wisy ~ of +(a;) over 2z range will cause redundancy. The phase
resolution as the detector. Fig. 2 shows an example of a simpgelundancy may, of course, be eliminated by detection in
Mach-Zehnder FD-DPSK receiver. The signal traveling on tiegother quadrature with /2 phase difference between the
lower arm of the Mach-Zehnder interferometer experiencedveo arms of the interferometer. In order to keep the detection
wavelength shift. The wavelength-shiftéd — 1)th element system simple, however, we consider phase variations only
will then have the same central frequency as that of th@ the range from O tar. In a low-noise systemu)(a;) can
unshiftedith element be assigned in any arbitrary manner. However, in a practical
. . system in the strong-noise limit, we can reduce detection errors
exp(ipi-1 +JA) 160w — wi, éw). by having the value assignment af+ cos(t(a;)) equally
Here A is the phase difference in the transmission directioctPaced in the intensity domain, by the following relation:
between the two arms of the interferometer; for simplicity R P _
of analysis, we set\A = 0. Then, theith element on the la;) = cos™ (1 = 2a;/(m — 1)). (10)
detector can be obtained by (6a)—(6c) shown at the bottomAlthough there is no theoretical upper limit for the integer
of the page. Here, factot/2 is introduced because of them, we explicitly demonstrate the feasibility of an FD-DPSK
configuration of a Mach-Zehnder interferometer. Using thg/stem form = 2 (the binary DPSK casey(a;) = wa;)
relationa; = (b; — b;—1) mod 2 derived from (1), we find the as implemented in (1), (2), and (7). In the next section, we
corresponding power spectrum fbe= 1,2, .- - n! propose receiver designs for practical applications, employing
i (w) = |Eﬁet(w)|2 normally-off interferometers.

1
= §rect(w — wi, ow)[1 + cos(may)]. (7) IV. PRACTICAL FD-DPSK RECEIVER DESIGNS

Thus, the phase information is converted to the intensit G_enerating awavelength shift of one spectral element spac-
modulation which corresponded to the input data sequer(%/? is the most .challenglng featqre of an FD-DPSK receiver.

of the transmitter. Note that a bit of zefe, = 0) produces avelength shiits can be achieved by electrooptic phase
the intensity of one unit on the detector ! modulators (EOPM), AOM’s, four-wave mixing devices, and
Although we limit the description to a binary system thiéaturable-gain semiconductor optical amplifiers [12]. How-
FD-DPSK scheme can be extended torarary system ,In ever, the wavelength shift must retain phase information in

an m-ary system, the differential phase encoding (2) shou He output, and must be comparable to the optical resolution
' imit. Such a shift is relatively large (corresponding to an

take the f . ;
axe the form optical frequency shift ofs10 GHz) for a modulator system.

¢; = 0, fori =0, (8) Considering coherence and efficiency, an EOPM synchronized
o W(ai) + ¢ fori=1,2,.-- : o :
(i i—1; b= L8 n to an input pulse train is a good choice for the wavelength
» %rect(w — wo,6w) exp(jgo), fori=0 (6a)
E(Zlet(w) = ? reCt(w — Wi, 6w)[exp(j¢i_1) + eXp(j(f)i)], fori= 1,...,n (6b)

sreclw — wnq1,0w) exp(jdn), fori=n+1 (6¢)
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. © . . _ Fig. 4. FD-DPSK Sagnac receiver; (a) schematic of the receiver; (b) the
Fig. 3. FD-DPSK Mach-Zehnder receiver; (a) schematic of the receivgfhase modulation in the electrooptic phase modulator; and (c) an illustration
(b) the phase modulation in the electrooptic phase modulators; and () @fthe demodulation principle. The receiver consists of a fast traveling-wave
illustration for thej demodulation principle. The receiver consists of a Padfiectrooptic modulator and a fiber Sagnac loop. Radio-frequency voltage (RF)
of fast electrooptic phase modulators and a Mach—Zehnder interferomefgryppjied to produce phase modulation on each traveling direction as shown
Radio-frequency voltages (RF1 and RF2) are applied to produce phfﬁe(b), Shaded regions in (c) indicate the corresponding wavelength-shift

modulation on each arm as shown in (b). Shaded regions in (c) indicate {h@dows for the light signals in each direction. ccw and cw stand for counter
corresponding wavelength-shift windows for light traveling in arms Al ang|gck-wise and clock-wise, respectively.

A2 of the interferometer.

. ) . - corresponding to the spectral element spaéingAs shown in
shift. In the configuration shown in Fig. 2, an EOPM for th ig. 3(b), suppose that the phase modulation of arm A1 leads

wavelength shift is implemented in the lower arm. A ram : . . .
bias to the modulator produces a wavelength shift. The amogrﬁ?t of A2. Then the first half part of the light signal tra_welmg
arm Al is wavelength shifted and the corresponding part

. . |
of wavelength shift corresponds to an optical frequency shi arm A2 is not: in the second half, the light in arm A2 is

given by the slope of the phase variation in the time domaif}! ) . .
Therefore, we can demodulate an FD-DPSK signal in the w velength shifted and the corresponding part of arm Al is not
described7 in the previous section ig. 3(c)]. As a result, we produce the desired interference of

In order to maximize throughput, it is desired to multipleihe two light signals a,t the output side of the Mach—Zghnder
FD-DPSK signals from multiple transmitters into an oTpnnterferometer. Analyzing the spectrum of the output WI'[h,-fOi’
system, because the FD-DPSK signal is an optical Wa@éample.,aspgctrometer_andaphotodlode array, we obtain the
packet occupying only as 27 /6w temporal range. In this spectral intensity quulat-lon of (7).. $ubsequently, we decrease
case, a receiver with a time gated wavelength shift oug‘ﬁ'[e demodulation bias with a sufficiently large time constant,
to be capable of handling OTDM demultiplexing and Fpkeeping the phase modulations of the two arms nearly the
DPSK demodulation. We can realize such receivers usings@me. Thus, the output light is turned off during this relaxation
Mach-Zehnder or Sagnac interferometer (Figs. 3 and 4). Period in the normally-off Mach—Zehnder interferometer; the

A Mach—Zehnder receiver consists of a normally-off opticavavelength shift and interference take place only during a
Mach—Zehnder interferometer and a pair of EOPM’s on bofliven OTDM time slot. Therefore, we achieve simultaneous
arms [Fig. 3(a)]. Because we require a modulation bandwidéh DM demultiplexing and FD-DPSK demodulation.
greater than 10 GHz, the receiver ought to be integrated intoln & similar way, we can realize an FD-DPSK receiver in
a wave-guide structure. An input FD-DPSK signal is split inté Sagnac fiber loop with a traveling-wave EOPM. The design
two arms Al and A2. Then we apply identical ramp RF bias@ the Sagnac receiver is shown in Fig. 4(a). A Sagnac fiber
to the modulators, but with a time delay corresponding foop is normally a mirror because of destructive interference
nearly one half of the OTDM slot. Since the phase is, tm the transmission port between clockwise (cw) and counter-
the first order, proportional to the bias, we can introduce cockwise (ccw) traveling light. When light travels in both
linear phase variation by the bias ramp, which has a slogiections it experiences exactly the same phase variation in
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the fiber loop. However, a fast RF bias to the traveling-wawbtain the output signal of the Mach—Zehnder interferometer
EOPM introduces different phase modulations for differemts follows:

directions, as shown in Fig. 4(b); the ccw light which co- 1

propagates with the RF bias experiences fast modulation Egem(t) = §[Em(t) exp(jéwT.p(t + T,./2))

whereas the cw light (counter-propagating direction) experi- .

ences slow modulation. If a ramp bias is applied, the light ~ Em(t) exp(Gowlop(t = 1/2)] - (11)
signals in both directions are wavelength shifted, but byhg the profile of the RF bias applied to the EOPM’s for
different amounts. The height of the shading in Fig. 4(Qemodulation of FD-DPSK is given by

indicates the degree of wavelength shift. When the difference

of the wavelength shifts between in the two directions corre- 1 t

sponds toéw, the FD-DPSK is converted into an amplitude p(t) = <§ + i)rect(t,T,,)

modulation on the transmission port of the Sagnac loop. In 1 t—ty

order for simultaneous OTDM demultiplexing and FD-DPSK <§ - T—f)rect(t —t5, Ty). (12)

demodulation, we apply the ramp bias only during a selected

OTDM slot and decrease it with a sufficiently large timedere,7;. and7’; are the rise and fall times of the triangle-shape

constant. Therefore, we block signals in other OTDM slofsinction .(¢) with a sharp rise edge and a slow fall téll. <

from transmission. However, because of the slow modulatidfy), and¢; = (7, + 7%)/2. In the rise edge, the wavelength

on the counter-propagating light signal, this receiver desighift due to the phase sweep, i.e., due to the linear phase

involves a problem of signal leakage from adjacent OTDMariation corresponds téw, or the spectral element spacing.

slots. (In Fig. 4(b), the phase modulation of cw signal expand@is element spacing (and the maximum phase excursion in

outside the selected OTDM slot.) the modulator) determines the optimal valuglof The choice
Both Mach-Zehnder and Sagnac receivers require precifedifferent 7's has little effect on the receiver operation and

synchronization of the RF bias to excite the EOPM at thE; = 1 ns is used. Fourier transforming the demodulated time-

correct time. This can be achieved with a current technologidsmain signalF .., (¢), we finally obtain the power spectrum

of optical clock recovery and picosecond electronic pulssrresponding to the original data sequekeg}.

generation. Clock recovery in the present OTDM system canWe have simulated our model for a seven-bit dase- 7) to

be achieved by sampling one spectral element with a narrdiwd an optimal choice of;. and to study noise characteristics

band wavelength coupler. In general, a typical all-optical cloak the FD-DPSK system. We assunde’/2n = 10 GHz,

recovery system reproduces clock signals with timing jitter omhich corresponds to a 0.08-nm spectral resolution at 1.55

the order of 1 ps in a Gb/s OTDM system [13]-[15], Althouglxm. Fig. 5(a) shows a typical example of an FD-DPSK spec-

typical jitter of high precision RF electronics is on the order afal amplitude signal({bo,---,b-} = {1,0,1,0,0,0,1,1}),

10 ps, this jitter is not a problem of FD-DPSK demodulatiofrig. 5(b) the corresponding spread time amplitude signal, and

as discussed in the following section. Fig. 5(c) the power spectrum demodulated at the receiver.
Here DPSK symbol$, to b; are assigned to spectral elements
V. ANALYSIS equally spaced in the optical frequency detuning range from

) —40 to 40 GHz. (e.g.po occupies the frequency detuning
We have modeled the proposed FD-DPSK receivers rtgnge from —40 to —30 GHz.) Accordingly, we find the

evaluate the feasibility and performance with computer simulgamodulated symbolay, - -, a7} = {0,0,0,1,1,0,1} as the
tions, in order to investigate the characteristics of the receivqﬁ%rse of the intensities in the frequency detuning range from

associated with operational parameters such as the slope g% to 40 GHz in Fig. 5(c), which agrees with (7). We find

the maximum voltage of the demodulation RF ramp biag; _ - ps for the maximal discrimination between “0” and

to test how robust the FD-DPSK scheme is against noisg,» ¢ js jnteresting that although the Mach—Zehnder receiver
compared with a direct-detection amplitude shiftkeying (ASK) 1o rmally off so that the result of (7) has to be inverted, the

scheme; and to investigate problems associated with timiggy it is the same as that for a normally-on interferometer. It is

jitter in a receiver and fiber dispersion. because near= 0 we have constructive interference for arms
Al and A2. In Fig. 5(d), we present a simulated eye diagram

A. Mach-Zehnder FD-DPSK Receiver in the frequency domaifor the noise-free case to show the
The most interesting feature of a Mach—-Zehnder receiv@etectability of the receiver. The eye diagram is generated

is to apply the ramp biases with different time delays gy plotting the power spectra of the receiver for all possible

as to time gate wavelength shift only during a selectéd cases of{a;} sequence. We clearly see open eyes for all

OTDM slot. Thus, it is simpler to model the characteristic§pectral elements.

in the time domain. Consider a time-domain input light signal

modulated with FD-DPSK. The time-domain input signal )

E,,(#) is obtained by the inverse Fourier transformiyf,(w). B- Sagnac FD-DPSK Receiver

In a normally-off Mach—Zehnder interferometer, the signals In modeling the Sagnac receiver, we first consider the rise

at the output port that have traveled through arms Al atiches of the phase modulation in co- and counter-propagating

A2 are given as+%Em(t) and —%Ern(t), respectively. By directions in a traveling-wave EOPM. The instantaneous re-

applying RF biases to the EOPM'’s as depicted in Fig. 3(b), viractive index modulation is proportional to an integral of
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Fig. 5. Simulation results of the FD-DPSK receivers. In (a) and (b), we show, respectively, a typical example of FD-DPSK signal in the optical frequenc
domain and the corresponding temporal waveform (solid curve for real part and dotted curve for imaginary part: fércase. The differential data
sequencebg, - - -, b7 } is assigned to the eight frequency bins frerd0 to 40 GHz. In (c) and (e), we show output spectra of, respectively, a Mach-Zehnder
receiver and a Sagnac receiver corresponding to the input signal shown in (a). The demodulated data seguences;} for each case are found in

the frequency bins from-30 to 40 GHz. We also show calculated noise-free eye diagrams in the frequency domain in (d) and (f), respectively for the
Mach—Zehnder and Sagnac receivers. The vertical units are arbitrarily chosen.

interaction between the instantaneous RF electric field and the counterpropagation direction, (13) can be written as
traveling frame of light within the traveling-wave electrode.

The phase modulation is expressed as Adonie(t) = ko +E At — 22 /) dae’ (15)
cntr — max, -
+& oo , , 1 2 +oo
Ad) = ko /_L . Anmaxu(t - /C) = §k0AnmaX/ reCt(a:, 2L)/,L(t d .’L'/C) dx.
X 8(t —t T o' fo) dt' Jda (13) - (16)

where L is the length of the traveling-wave electrode in th&he modulation speed of the counter-propagating light field
EOPM, Anuax is the index modulation depth(t) is defined decreases witlh. WhenTr < L/c. The rise time Ofpeni: (%) is

in (12), ko is the magnitude of the wave vector in the frees2L/c, twice the transit time of the traveling wave modulator.
space, ana is the speed of light in the wave guide which isThus, the frequency shift near = 0 is ckoAngax/2, OF
matched to the speed of the traveling RF field. Here Dirac delfas,,Trc/2L. In order to achieve interference between each
function 6(¢' — t 2’ /c) defines the time’ and positionz’ of  pair of adjacent spectral elements, {lie- 1)th element in the
the light signal with a relative delay a@f which is modulated copropagation direction ought to have the same central fre-
by the RF electric field. The =" and “+” signs indicate, quency as that ofth element in the counterpropagation direc-
respectively, the co- and counterpropagation directions. Fotian. Therefore, we should sele@tg,, = (1 —Tre/2L) L éw.

copropagating light signal, (13) becomes Note that the center of the modulator wave guide should
coincide with the center of the Sagnac loop in order to have
Apeo(t) = koLAN oz pi(t). (14) the same modulation timing for light signals in both co- and

counterpropagation directions.
Here, we defin®wg,g as iNdwsaglr = ko LANmax, 1.€., the The signals traveling in the ccw and cw directions at
slope of phase variation in the rise edge. For the light field the transmission port (Fig. 4) arﬁ%Em(t) and —%Em(t)
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respectively, because a Sagnac loop is normally-off. Finally,
we find the demodulated signal

Edem(t) = %[Ern(t) exp(jd)CO(t)) - Enl(t) exp(jd)Cﬂtr(t))]'

17)
The power spectrum for the original data sequefieg can
be obtained by Fourier transforming the demodulated time-
domain signalE e, (t).

We have also computer simulated the output spectrum =
from the Sagnac receiver for the same input data as for the 2
Mach—Zehnder receiver. We assume that the traveling wave ;i 1
EOPM consists of a lithium niobate (LiNkPwaveguide and 205
an electrode with a lengtll, of 2 cm. The results given g |
in Fig. 5(e) and (f) show the demodulated receiver output g0

power spectrum for the given data sequefae, -, a7} = -50
{0,0,0,1,1,0,1} and the eye diagram in the frequency do-
main for a noise-free case, respectively. In contrast to the
Mach—Zehnder case, the demodulated signal is not inverted,
because the output signal near= 0 has a destructive
interference in the output port. We usg&d = 100 ps, 1y =1

NS, andéwsag /27 = 12 GHz, for the maximal discrimination
between “0” and “1.” The results clearly demonstrate that a

Sagnac receiver detects FD-DPSK signals. -50 0 50
Frequency Detuning (GHz)

C. Noise Characteristics of FD-DPSK Receivers ©)

. . . . Fig. 6. Simulated eye diagrams for (a) FD-DPSK demodulated by the
Phase shift keying and coherent detection generally achi h—Zehnder receiver, (b) FD-DPSK by the Sagnac receiver, and (c) a

lower bit error rates compared with that of an ASK andomparable ASK with direct detection. The SNR is assumed to be “1.” The
direct detection method, although this is not always true feye Qiagrams are generaFed with multiples of random data sequences and V\_/ith
. L amplitude and phase noise generated from random numbers with Gaussian
optical communication systems due to the laser phase no&éibution.
in transmitters and receivers [16]. We can achieve higher
performance with FD-DPSK than with an ASK and direct ) )
detection method in a noisy communication system. In thi§ne domain. We use the same system parameters as in
section, we simulate and compare the noise characteristicsféff Previous sections for FD-DPSK receivers. The ASK re-
FD-DPSK and ASK. ceiver output signal is obtained after OTDM demultiplexing,
We tested the receivers with signals in a harsh netwok- We time gate the noisy ASK signals with the same
condition, i.e., a signal-to-noise ratio (SNR) of 1, so as f§mporal window size as for FD-DPSK, namely 100 ps.
clearly demonstrate the comparisons of detectability amohgerestingly enough, the eye diagrams show a clear en-
ASK with direct detection, FD-DPSK with a Mach—Zehndepancement of detectability against the noise only with the
receiver, and FD-DPSK with Sagnac receiver. We assufi®-DPSK Mach-Zehnder receiver. The eye pattern from the
both ASK and FD-DPSK signals are generated from an ideafanac receiver is worse than the ASK and direct detection.
femtosecond laser source with the same amplitude, and bbtiS because the Sagnac receiver is not a robust OTDM
cases employ an identical OTDM network. demultiplexer due to the slow phase modulation in the counter-
In order to model noises in both phase and amplitude vpEOPagating light during a time window wider than a OTDM
added white noise to the time-domain input signal. The whifdot.
noise is generated from a random number sequence with
Gaussian distribution. To obtain noisy signals with an SNR . . ) ) .
of 1, the standard deviation of the noise is adjusted to b Timing Jitter and Fiber Dispersion
the same as the amplitude of the input signal. Under this lowWhen the FD-DPSK scheme is implemented with the pro-
SNR condition, the signal is hardly visible in the time domairposed receivers, fundamental difficulties associated with clock
However, the signal in the frequency domain after OTDMitter and fiber dispersion may arise. We can understand both
demultiplexing is detectable in both ASK and FD-DPSHitter and dispersion as a unified problem with phase variation
cases. in the frequency domain, since an arbitrary delay due to clock
Fig. 6 shows calculated eye diagrams in the frequengiter and fiber dispersion correspond respectively to the first-
domain for (a) FD-DPSK with a Mach—Zehnder receiverder and the second- or higher order phase variations in
(b) FD-DPSK with a Sagnac receiver, and (c) ASK anthe frequency domain. In the following analysis, we show
direct detection. The input data sequences are generated that both problems will not necessarily prevent a practical
domly, and the white noise is added to the signals in theaplementation.
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Intensity (Arb. Unit)

-50 0 50 -50 0 50
Frequency Detuning (GHz)

(@) (b)

Fig. 7. Simulated eye diagrams of the FD-DPSK scheme with receiver clock
timing errors of (a) 20 ps and (b) 30 ps. A Mach—Zehnder receiver is assumed.

The FD-DPSK signal with jitter and dispersion is modeled
by including a phase factor in (5)

Intensity (Arb. Unit)

E (w)= zn:exp(jd)i) rec{w — w;, dw)
=0

x exp(—jrw — jAw)L) (18)

where 7 is the time delay,L is the length of the fiber link,
and 5(w) is the dispersion given by

Blw) = %bQ(w Cw)? ébg(w e (9)

Here, by = —DA./we,b3 = 3S9)\2/w?, where \. and w.
are, respectively, the wavelength and frequency of the spectral Frequency Detuning (GHz)
element at the center of transmitted spectral data/aadd.S, ©

are the fiber dispersion and .the dlspe_rsmn slope, respectlviezl%: 8. Simulated eye diagrams of the FD-DPSK scheme with fiber disper-
The effect of parametet, is negligible in normal fiber, gion effects from, (a) a 6-km normal fiber link, (b) the same link with an
but becomes dominant in dispersion shifted (DS) fiber whesigded 10-ps delay, and (c) a 1000-km dispersion shifted fiber link for center
dispersion is given byD = 50()\ _ )\0) and is nearly zero. wavelength at 1.5%m. A Mach—Zehnder receiver is assumed.
(Here, Ag is the wavelength where the dispersion becomes
zero.) Now we can apply demodulation to the signal given biyom a 6-km-long normal fiber link. Here we usdd = 16
(18), by use of either the Mach—Zehnder or the Sagnac receipsfnm - km for a 1.55xm application and set = 0 and
as described in the previous sections, in order to investigate = 0. The signal in the middle of the wavelength range
the effect of jitter and dispersion. Here, we present the resaliow white spaces for discrimination between “0” and “1.”
of the Mach—Zehnder receiver case. However, the spectral elements on the sides show a problem
First, we study the jitter problem by setting = 0 and in detection.
bz = 0, and introducing a nonzero time delay equivalent to The cause of this problem can be easily identified by
a possible clock jitter in a receiver. Fig. 7(a) and (b) preseritgroducing a time delay in the receiver demodulation signal.
calculated eye diagrams far = 20 and 30 ps, respectively. A time delay of 10 ps is introduced to the receiver and the
As shown, we can see a clear opening of an eye diagramrresponding data is shown in Fig. 8(b). The white spaces
even at a time delay of 20 ps. However, there is serious the eye diagram appear now at longer spectral elements,
deterioration of the eye pattern for delays longer than 30 pghich arrive at later times. Thus, we find that the group
because the adjacent spectral elements have relative phirday dispersion is more responsible for the deterioration of
evolution in time given by the frequency separation of 1the signal than the phase error. A continuous phase variation
GHz. The relative phase between adjacent spectral elemaetsults only in either time delay or group delay dispersion,
have 2r phase rotation during the 100-ps signal pulse widthut does not make the discrete phase coding undetectable.
Setting a strict criterion for phase error of FD-DPSK signaln conclusion, the problems associated with dispersion is not
we can tolerate phase error less thaf2, or equivalently a consequence of using the FD-DPSK scheme, but of using
25-ps timing error, which is achievable with the state-obroad bandwidth, which is the same for an ASK scheme or
the-art technologies for optical clock recovery [13]-[15] andny other OTDM scheme.
picosecond electronics. We can reduce the effect of dispersion by use of DS fiber.
Second, the problem of dispersion shows more significamtDS fiber, dispersion is minimized at 1.5%n so thath, = 0
effect because different spectral elements arrive at diffexnd the effect fronds is not negligible. Taking a typical value
ent times. Interestingly, the deterioration of signal is a®f 0.075 ps/nrh. km for S, [17], we show in Fig. 8(c) that
sociated with group delay dispersiog:g rather than with transmission of an FD-DPSK signal over 1000 km is not
phase errof(w) between adjacent spectral elements. Fig. 8(hited by the dispersion in DS fiber, in the case of 7 bit
shows computer simulation result of an eye diagram of spectral data. However, transmission of broader spectral data
Mach—Zehnder receiver output, when the signal is receivedll be limited by the group delay dispersion effect: Using the
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same criterion as for clock jitter, i.e|.%| < 25 ps, we find [10] G. Einarsson, J. Strandberg, and I. T. Monroy, “Error probability evalua-

that transmission of 500-bit data occupying 5-THz bandwidth tion_of optical systems distributed by phase noise and additive noise,”
ill be limited to fiber links shorter th 1k J. Lightwave Technglvol. 13, pp. 1847-1852, Sept. 1995.
will-be imited 1o nber links shorter than m. [11] C. P. Kaiser, M. Shafi, and P. J. Smith, “Analysis methods for op-
tical heterodyne DPSK receivers corrupted by laser phase nalse,”
Lightwave Technal.vol. 11, pp. 1820-1830, Nov. 1993.
V1. CONCLUSIONS [12] I. P. Kaminowet al., “A wideband all-optical WDM network,1EEE J.

; _ [T ; Select. Areas Commuynol. 14, pp. 780-799, June 1996.
The authors introduce a novieéquency-domain differential 13] J. K. Lucek and K. Smith, “All-optical signal regenerato©pt. Lett,

phase shift keyinpr use in femtosecond spectral modulation = vol. 18, no. 15, pp. 1226-1228, 1993.
systems. In contrast to a traditional coherent optical commi4] L. E. Adams, E. S. Kintzer, and J. G. Fujimoto, “Performance and

L . . scalability of an all-optical clock recovery figure eight laselEEE
nication system, FD-DPSK requires neither a reference phase ppoion Technol. Lettvol. 8, pp. 55-57, Jan. 1996.

nor a local oscillator for detection. The analysis of FD-DPSIK5] 0. Kamatani and S. Kawanishi, “Ultrahigh-speed clock recovery with
detection demonstrates feasibility of the detection and a noise- Phase lock loop based on four-wave mixing in a traveling-wave laser

. . . . diode amplifier,”J. Lightwave Technaglvol. 14, pp. 1757-1767, Aug.
robustness in a simple coherent optical communication system. ;g9g

We proposereceiver designgapable of OTDM demulti- [16] J. Salz, “Coherent lightwave communicationAT&T Tech. J. vol. 64,

i - i i no. 10, pp. 2153-2209, 1985.
plexing and FD-DPSK demodulation simultaneously. The ?7 Corning Product Information PI1043orning SMF/DS Single-Mode

receivers consist of either a Mach—Zehnder interferometer and  pispersion-Shifted Optical FibetCorning Incorporated, Corning, NY,
a pair of electrooptic phase modulators, or a Sagnac loop inter- 1994.

ferometer and a traveling-wave electrooptic phase modulator.

The operation schemes of these receivers make use of novel

ideas of a wavelength shift and a time gate with electrooptic

linear phase variation only within a OTDM slot of interestJune-Koo Rhee photograph and biography not available at the time of
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