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Transmission Performance of Chirp-Controlled
Signal by Using Semiconductor Optical Amplifier
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Abstract—We examine the fiber transmission performance of
the optical signal whose chirp is controlled by utilizing phase mod-
ulation in semiconductor optical amplifier (SOA) with both sim-
ulations and experiments. This chirp control technique converts
a positive chirp created by electroabsorption (EA) modulator into
negative chirp, which reduces the waveform degradation due to the
chromatic dispersion in transmission over standard single-mode
fiber (SMF). It also provides an optical gain that is sufficient to
compensate the insertion loss of the EA modulator. We investigate
how the chirp control is affected by the input power to the SOA and
the carrier lifetime of the SOA. As the SOA input power increases,
the negative chirp becomes large, while the waveformis largely dis-
torted due to gain saturation. However, the waveform distortion at
high SOA input powers can be shaped by using a frequency dis-
criminator. The acceleration of the carrier lifetime also reduces the
waveform distortion due to gain saturation. We demonstrate that
the chirp control technique is effective even for a high bit rate op-
tical signal up to 10 Gb/s, when the carrier lifetime is expedited by
optical pumping.

Index Terms—Chirp, electroabsorption (EA) modulators,
optical fibers, phase modulation, semiconductor optical amplifiers
(SOA's).

I. INTRODUCTION
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Fig. 1. Schematics of chirp control using SOA.

the signal transmission distance. The EA modulator exhibits
chirp parameter that depends on bias voltage and wavelength
[8]. Deep prebias and small detuning from the exciton peak offer
a negative chirp operation of the EA modulator [9], [10], while
both cause an increase in insertion loss. When a semiconductor
optical amplifier (SOA) is placed after the EA modulator, we
can convert the positive chirp into negative chirp [11] utilizing
phase modulation in SOA [12]. This technique enables us to
control the chirp created by the EA modulator, and also pro-
vides an optical gain that compensates the insertion loss of the
EA modulator and other optical devices. Furthermore, the SOA
can be integrated with the EA modulator. Its compactness is ad-
vantageous for use in the PTS node, where the loss is compen-

LECTROABSORPTION (EA) modulator [1], [2] is at- sated for each optical path (for example, 8 wavelengths
tracting much attention as the external optical intensifyorts= 128 paths), if necessary.
modulator to be used in optical communication systems. ThisIn this paper, we examine this chirp control technique with
is because it has advantages of small size, low drive voltage dadh simulations and experiments. Section Il describes the sim-

polarization insensitivity, compared with LiNbQelectrooptic

ulation of chirp control using SOA. We exhibit that phase mod-

modulator. The ease of integration with a laser enables us touation in SOA converts the positive chirp created by an EA

alize a compact optical transmitter [3]-[6]. EA modulator is alsmodulator into negative chirp, and it improves the signal trans-
suitable for use in opto-electronic wavelength conversion in theission distance in SMF. The dependence on the input power
photonic transport system (PTS) node [7], where a received (ino-the SOA and the carrier lifetime of the SOA is also investi-

coming) optical signal is translated into a light selected out ghated. Section Il presents the experimental results which verify
those from a multiwavelength laser array by an optical switcthe effect of the chirp control. Section IV describes the impact

In this scheme, the modulater must be polarization insensitivef the loss compensation in PTS nodes by using SOA. The final

A chirp of the modulator is a critical issue when a high bit-rateection is conclusions.

optical signal is transmitted through standard single-mode fiber
(SMF). Positive chirp degrades the optical waveform in con-
junction with the anomalous chromatic dispersion, and limits

Il. SIMULATION OF CHIRP CONTROL

In this section, we describe the simulation of chirp control
using SOA. Fig. 1 shows the schematics of the chirp control.
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wherel and® are optical intensity and phase of output electric

field, respectively. In SOA, both intensity changd and phase (a) *E L5 =
changeA® are caused by carrier density chan®'. The car- _:!
rier densityN is determined by the rate equation b 1
dN N I J >
= = _A(N-—Ny)—+ = 2 =
dt T o 0) hy + ed 2) Z
D -
and optical intensity is determined by E 051
dl = ;i
d:FAﬂ(N_NO) 3 .go..l...n...|...
® 2 0 200 400 600 800
wherer, A,, No, hv, J, e, d, andl" are carrier lifetime, differ- e Time (ps)
ential gain, transparent carrier density, photon energy, injection ® ® ST
current density, electron charge, active layer thickness, and op- =
tical confinement factor, respectively. e EA (0. = 0)
Assuming thatA N is uniform in SOA, gain changAdG (in &
dB units) andA¢® are expressed as 70 Em
s
AG =10log ge - 'A;ANL, (4) E
and 2
27 o g T
A® =—— AnL = —-TAANL (5) B~ S Lw —
A 2 0 200 400 600 800
where\, n and L are wavelength, refractive index and device Time (ps)
length, respectively. And’ is the linewidth enhancement factor (c) é‘ 3 LA I L
of semiconductor material, which is defined as | EA (@ =+D
47 (On/ON) =
/ _— o~ 7 -
CTTN T4, ©) 2
From (1), (4) and (5), we can obtain the chirp parameter of the E’
SOA as 2
=
dG@ (dG/dPn) 2 .0
— o — o 7 g S Y N S S S S SO RO S
a=« APyt “ 1+ (dG/dPy) ) 0 200 400 600 800

. Time (ps
where P, and F,,;; are the SOA input and output power, re- (ps)

spectively. When the optical input power is low enough, (7)

givesa = 0 because the carrier density remains unchanged'?é- 2. (a) Calculated optical intensity waveform and instantaneous optical
h | h ilibri N — ddG/dP.. — frequency change when () = 0 and (C)a. = +1. Thin solid line: EA
the value at the equilibriumXXN = 0) an /dPin = 0. modulator output. Dotted—dashed line: after SGA,(= P, — 6 dB). Dotted

However, as the optical input power increases, carrier deplie: after SOA £, = P, — 3 dB). Thick solid line: after SOAR,,, = P.).

tion occurs in SOAQAN < 0) and this induces gain saturation

(dG/dPy, < 0). Since’ > 0in gain medium such as SOA, thetaneous frequency falls at the leading edge of the optical signal
chirp parameter is negative (< 0) for the SOA under gain-sat- and rises at the trailing edge. This is because the chirp parameter

urated condition. of the SOA is negative, as expected from (7). As the SOA input
) ) power increased, the optical frequency shifts more largely to-
B. Dynamic Chirp Control ward a lower frequency side. Fig. 2(c) shows the instantaneous

We calculated the optical output waveform and instantanediigquency change before and after SOA when the optical signal
optical frequency change of SOA by solving (2) and (3) numelaunched from an EA modulator is introduced into SOA. Here
ically. In this calculation, we divided the SOA into ten sectionthe chirp parameter of the EA modulator varies fram.6 at
in order to take the nonuniform distribution of carrier densitynark level to 0 at space level, corresponding to an effective chirp
into consideration. The bit rate of optical signal is 2.5 Gb/parameter [8] ofr.g = +1. Before SOA, its instantaneous op-
and the electrical bandwidths of both the electrical signal atigal frequency rises at the leading edge and falls at the trailing
EA modulator are 10 GHz. Here the carrier lifetime of SO&dge, thatis, the optical signal has a positive chirp. After passing
is 200 ps (the dependence on the carrier recovery time is didroughthe SOA, the instantaneous optical frequency falls at the
cussed in Section II-E). Fig. 2(a) shows the optical intensitgading edge. This indicates that the positive chirp is converted
waveform before and after SOA. The SOA input powers are g8to the negative chirp using SOA.
at P, — 6 dB, P, — 3 dB, andP;, whereP; is the 3 dB gain . . o
saturation input power. Fig. 2(b) shows the instantaneous dp- EY& Opening Penalty after Fiber Transmission
tical frequency change when the optical signal without any chirp We calculated the transmission performance of the 2.5-Gb/s
(e = 0) is introduced to the SOA. After the SOA, the instannonreturn-to-zero (NRZ) optical signal over standard SMF,
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Fig. 5. Eye opening penalty as a function of SOA input power. Open circles:

Fig.3. Calculated eye pattern after 1000-km SMF transmission for (a) opti fore transmission. Solid circles: after 1000 km SMF transmission. Crosses

; ; i ; _ P ; X): before transmission with waveform shaping by MZI. Crossey @fter
Egnalzwgh)posmve chirpd.c = +1) and (b) chirp-controlled signal by SOA 1000 km SMF transmission with waveform shaping by MZI.

D. Dependence on SOA Input Power

5 L LA | T T
a 2.5 Gbfs <> As shown in Fig. 2, the change in optical frequency depends
T 4L EAonly on the input power to the SOA. Fig. 5 shows EOP before and
- O e ) i after 1000-km SMF transmission as a function of the SOA input
§ 3L O =t s ' power. Before transmission, EOP becomes larger as the input
:} EA+SOA ] power increases because of the waveform distortion due to the
= oL =+25 ¢ . . L s .
T 2F eam . gain saturation. After SMF transmission, a minimum EOP is
& e ] obtained when the SOA input power is arouRgd When the
o 1 - SOA input power is so low that the waveform distortion is neg-
I ligible, the EOP after SMF transmission decreased as the input

power increases, because the negative frequency shift increases
and this reduces the dispersion penalty. However, the SOA input
power exceed$’;, the SOA output waveform is strongly dis-

_ _ _ _ torted due to the gain saturation, resulting in an increase in EOP
Fig. 4. Eye opening penalty as a function of SMF transmission dlstancef SME . It d v d d
Dot-dashed line: chirpless signat (= 0). Dotted lines: optical signal with &It€r transmission. It is noted th&} generally depends

positive chirp (open diamonds..; = +2.5; open circlesovoe = +1). Solid 0N a bias current of the SOA and operating wavelength [14]. As
lines: chirp-controlled signal by SOA (solid diamonds;r = +2.5; solid  the bias current is increaseh, increases as well as the optical
circles:ar = +1). . L.

gain. To minimize the wavelength dependence, we should set

the SOA gain peak on the shorter side of operating wavelength.
whose chromatic dispersion is17 ps/nm/km. Fig. 3 shows The EOP increase at high SOA input powers can be reduced
the calculated eye pattern after 1000-km SMF transmissidoy. shaping the distorted waveform using Mach—Zehnder inter-
As shown in Fig. 3(a), the optical signal with a positive chirferometer (MZI) as a frequency discriminator [15]. Fig. 6(a)
(aer = +1) induces waveform broadening in conjunction wittshows the schematics of the waveform shaping using MZI. As
anomalous chromatic dispersion, resulting in a degraded e&fewn in Fig. 6(b), the transmission peak of the MZI is set at
pattern. In this case, the eye opening penalty (EOP) is 1.8Fmewhat higher than the optical signal frequency, so that the
dB. Fig. 3(b) shows the eye pattern of the optical signal whos@mnsmission of the MZI decreases as the optical frequency de-
chirp is controlled to be negative by SOA. Here the SOA inpateases. When the distorted optical signal is introduced to the
power is P;. The chirp-controlled signal exhibits better eydZl before SMF transmission, the signal suffers some attenu-
opening after SMF transmission, and EOP reduces to 1.00 d&tion at the leading edge, since the optical frequency shifts to-

Fig. 4 shows the EOP as a function of SMF transmission disard a lower frequency side. We calculated the optical intensity

tance. The optical signal with positive chirps = +1) ex- waveform before and after the MZI. A 2.5-Gb/s optical signal is
hibits a larger penalty than the signal without any chigp£ 0).  at first introduced to the SOA at an input powerff, and then
To the contrary, when chirp is controlled by SOA, a penalty irpassed through the MZI whose free spectral range (FSR) is 50,
crease with transmission distance is smaller than the chirpld€9, and 200 GHz, respectively. The detuning of the MZI is set
signal, although the gain saturation in SOA causes ashgh¥{ at 1/4 of FSR. As shown in Fig. 7, the waveform distortion at
dB) eye closure before SMF transmission. Then the signal tratise leading edge is shaped by using the MZI. This reduces the
mission performance over dispersive optical fiber is improvdelOP before and after SMF transmission even at high SOA input
by using the chirp control technique. powers, as shown in Fig. 5.

PR (R S S R I S Lo
0 400 800 1200 1600
Distance (km)
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Fig.9. Eye opening penalty as a function of carrier lifetime. Dotted lines: after

1000-km SMF transmission without SOA. Open circles: before transmission
with SOA. Solid lines: after 1000-km SMF transmission with SOA (solid circle:

E. Dependence on Carrier Lifetime of SOA
aerr = 41, crossesac = +0.5).

The waveform distortion due to gain saturation in SOA can
be also reduced by accelerating the carrier lifetimef SOA. shifts rapidly, and the amount of the peak frequency shift in-
Although a typical value of, is 200 ps, we can make it shortercreases. Fig. 9 shows the EOP before and after 1000-km SMF
by means of optical pumping [16] or carrier injection (i.e., higkransmission as a function of. A decrease in, results in the
bias current) [14]. Fig. 8 shows the intensity waveform and frelecrease in EOP both before and after transmission. When
guency shift of 2.5-Gb/s optical signal as a parameter.dfiere is less than 200 ps and 250 ps (1/2 and 5/8 of the time slot of
the SOA input power is set &;. As 7, is decreased, the wave-a 2.5-Gh/s NRZ signal), the same EOP (1.0 dBjxas 0 is
form distortion at the leading edge is reduced. The frequenaktained fora.z = +1 and+0.5, respectively.
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? B. Dynamic Chirp Measurement
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) ) ) ) We measured an instantaneous optical frequency change
Input Power (dBm) using an optical frequency discriminator composed of a

PLC-type MZI with dual p-i-n photodetectors. A fixed NRZ
Fig. 11. Measured chirp parameter (open circles) and optical gain (somnse pattern of 2.5 Gb/s was applied to the EA modulator. A

circles) of the SOA used here as a function of the optical input power. bias voltage and a swing voltage were.3 and 3.0 \4_1),
respectively. The insertion loss of the EA modulator was 8 dB

lll. EXPERIMENT under this drive condition, excluding a 3-dB intrinsic encoding
A. Chirp Parameter of EA Modulator and SOA loss. Fig. 12(a) shows the optical intensity waveform launched

We measured the chirp parameter using the fiber respoﬁ'ggn the_ EA modulator. Th_e ins_tantaneous frequency_ raised at
peak method described in [17]. Fig. 10 shows the optical extin@—e Ieadmg_ edge ofthe OP“C_""' s!gnal and fell at t_he fal_llng edge,
tion and chirp parameter of the EA external modulator used héte sﬁown In Fig. 12(b), |nd_|cat|n_g that t.he opt!c?al S|g.na| had
as a function of the bias voltage. The polarization sensitivity QPS”'V‘% 9h|rp. Then the optical S|gnall with positive chirp was
the EA modulator was 1 dB. The photoluminescence peak walli€Ctéd into the SOA at the average input power-af dBm.

1.47 um, which was detune&:80 nm from the 1.55¢m wave- After passing _through the SOA, the |r_lstantaneou_s f_req_uency
length band. When the reverse bias voltage was changed frisih @t the leading edge, as shown in Fig. 12(c). This indicates
0.8V to—3.8V, its chirp parameter varied fro.6 to—1.0 that the positive chirp of the optical signal was successfully
resulting an effe,ctive chirp parameter [8]-68.1. " converted into negative chirp using the chirp control technique,

The SOA used here had an optical gain band whose pdkkexPected by the simulation.
wavelength was 1540 nm and 3-dB bandwidth we80 nm ] ) o
at a bias current of 60 mA. Fig. 11 shows the measured chfrp OPtical Fiber Transmission
parameter and optical gain of the SOA as a function of the op-We verified the effect of the chirp control in transmission
tical input power at a wavelength of 1552.5 nm. The unsaturatefia 2.5-Gb/s NRZ [pseudorandom binary sequence (PRBS)
optical gain was 13 dB, and it was insensitive to polarizatic2?® — 1] signal across SMF whose chromatic dispersion was
(«<0.5 dB) owing to a bulk active layer with square cross see-17 ps/nm/km. Fig. 13 shows the schematics of the trans-
tion. The 3-dB saturation input power wa® dBm. When the mission experiment. The optical signal power injected to the
input power became larger than this value, the chirp parame@oster Er-doped fiber amplifier (EDFA) was set-a25 dBm
of the SOA rapidly fell to a negative value, and exceedéd both with and without the chirp control. We employed inline
at an input power of-2 dBm. This negative chirp of SOA wasEDFA's spaced at 100 km intervals, and the span loss was set at
utilized to control the chirp of the optical signal of the EA mod28 dB for each 100 km SMF. The fiber input power from both
ulator. the booster and inline EDFA's was set-s8 dBm. In order to
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Fig. 14. BER of 2.5-Gb/s signal as a function of received optical power. 20 15 10 -5 0
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remove ASE from the EDFAs, we placed a planar lightwave _ _ _
crcut (PLC)-type arrayed waveguide gratig fiter in flont 03,16, Mesered penaly of e e sonyoled S0ie 5 & tn, !
the optical receiver. The threshold voltage of the receiver Wgger 400-km SMF transmission. Crosses (back-to-back measurement with
fixed throughout this experiment. waveform shaping by MZI. Crosses: after 400-km SMF transmission with

Fig. 14 shows the bit error rate (BER) of the chirp-controlletjaveform shaping by MZI.
signal as a function of the received optical power. The average
input power of the SOA was set atl2 dBm, that is, the optical MZI had a free spectral range of 50 GHz, and its transmission
input power at mark level was9 dBm (P,). In this condition, Peak of the MZI was set at 8 GHz higher than the optical signal
the SOA provides an optical gain of 10 dB, which was sufffrequency. When the distorted waveform was shaped by using
cient to compensate the insertion loss of the EA modulator. TH MZI, the penalty before SMF transmission remained around
optical signal exhibited no error floor even after signal trangero over input powers up & dBm, as shown in Fig. 16.
mission over 600-km SMF, and the power penalty at a BER dhe waveform shaping by MZI reduced the penalty after trans-
102 was less than 1 dB. This result shows that the chirp cofission at high SOA input powers, as expected by the simula-
trol technique using the SOA is effective for extending the signén. This technique was effective without changing the SOA
transport distance in SMF. Fig. 15 shows the measured transnfigs current even when operating wavelength was switched at
sion penalty as a function of distance. The optical signal witho&®0-GHz spaced eight channels ranged from 1546 to 1557 nm
chirp control exhibited larger penalty than that with chirp corl15].
trol. This result qualitatively matched the simulation described o ) )
in Section II-C. D. Transmission of 10 Gb/s Optical Signal

We measured the dependence on input power to the SOAIn Section II-E, we have shown by simulation that the chirp
Fig. 16 shows the penalty before and after 400-km SMF trarsantrol using SOA was effective when the carrier lifetime
mission as a function of the average SOA input power. Both beas less than-200 ps for a 2.5-Gb/s signal. If we apply the
fore and after transmission, the minimum penalty was obtainellirp control technique to a 10-Gb/s optical signal(typically
at an average input power ef12 dBm. The penalty increase200 ps) must be expedited to &0 ps. In this experiment, we
at low SOA input powers were attributed to the signal-to-noiseader, shorter by means of optical injection to the SOA [16].
ratio (SNR) degradation due to amplified spontaneous emissifhen a cw light of+5 dBm was injected to the SOA, was
(ASE). An increase in the input power abovd2 dBm caused estimated to be 70 ps. Here we used the EA modulator whose
the increase in the penalty due to the waveform distortion, effective chirp parameter [8] wa$0.4. The output power of
expected by the simulation. In order to shape the distortion, e booster EDFA was set &8 dBm, and no in-line amplifier
used a PLC-type MZI as a frequency discriminator [15]. Theas used. The threshold voltage of the receiver was optimized
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Fig. 17. BER of 10-Gb/s signal as a function of received optical power. ~ Fig- 19. (&) Block diagram of PTS node. (b) Level diagram of PTS node.

light from an optical source (OS). The OS is a distributed feed-

e B back laser diode (DFB-LD) for the PTS node without wave-
s 119(1:135/;23 1 7 ] length conversion, while that is a tunable DBR-LD for the PTS
N i ] node with wavelength conversion. A multiwavelength DFB-LD
g 34 ©EAonly . array with a wavelength selective switch (WS—-SW) [7] can be
= [ “®-EA+SOA 1 used instead of the tunable LD. The optical signal launched from
G | ] the EA modulator is amplified by an SOA, and routed by an
Cf -36 N N x M delivery-and-coupling type optical switch (DC-SW).
2 The DC-SW comprises df x N optical switches and x A
§ optical couplers (OC). Her®! is the number of WDM channels,
Coagle v o0 o andJX is the number of incoming/outgoing fibers. Then the sig-
0 20 40 60 80 nals are combined by alN x 1 OC, amplified by a post-OA,
Distance (km) and then sent into an outgoing fiber.

We calculated the SNR at the output of PTS node (i.e., the
Fig. 18. Receiver sensitivity of 10-Gb/s signal as a function of distance. Sotiutput of post-OA) and after 320 km (80 ks 4 span) fiber
circles: EA modulator without chirp control. Open circles: with chirp control byransmission. The level diagram is shown in Fig. 19(b). The OS
SOA. output power isPps and the loss of the EA modulator is 10
dB. The SOA has a noise figure (NF) of 10 dB. The insertion
for each back-to-back measurement with and without chirp cdosses of the DC—-SW and OC akgw and Loc, respectively.
trol. Fig. 17 shows the BER of 10-Gb/s NRZ (PRB% — 1) The NF'’s of both post- and inline OA are 7 dB, and that of the
signal with and without chirp control. Without chirp control, thgpre-OA is 5 dB. The fiber input power is 0 dBm, and the span
transmission distance in SMF was limited to within 40 km, anldss is 28 dB. Fig. 20 shows the calculatgdactor as a function
error floor was observed over 60 km. To the contrary, the optioafl SOA gain. The calculation is done fédlos = 0 dBm, -5
signal with chirp control can be transmitted over 80 km SMEBmM and—10 dBm, which correspond to the SOA input power
Fig. 18 shows the receiver sensitivity as a function of transmisf —10 dBm,—15 dBm and—20 dBm, respectively. Here we
sion distance. The results indicate that the chirp control usisgt Lsw + Loc = 30 dB, because the reported loss value for
SOA is also effective for 10 Gb/s signal whenis expedited. an 8 x 16 PTS node id.swy = 14 dB andLoc = 13 dB
[18], and we took into account the margin of 3 dB. Thdactor
increases as the SOA gain increases. When the SOA is not used,
theQ-factor after 320 km transmission becomes less than 17 dB
When the SOA is employed in the rear of the EA modulator iftorresponding to the BER df—12) for Pos = 0 dBm. This
a PTS node, it not only controls the chirp of the optical signak because the optical power at the input of the post-OA is as
as described in previous chapter, but also enhances the sidmalas—40 dBm and the&}-factor at the node output is 18 dB.
power level. Here we will discuss the impact of loss compens&e the contrary, when the SOA is employed, thdactor after
tion in a PTS node by using SOA's. Fig. 19(a) shows the blo@20 km transmission becomes higher than 17 dB. WHga
diagram of the PTS node we considered. The WDM signaksdecreased te-5 and—10 dBm, the SOA is required to have
launched to the PTS node through the incoming optical fibargain of larger than 5 dB and 10 dB, respectively, in order to
are amplified by a pre-OA, demultiplexed into individual opebtain@Q? > 17 dB.
tical channel and then received by an OR. The received signallhe required gain value can be tolerated when the EA mod-
is regenerated electrically and fed into an EA modulator. Theator and the SOA are integrated together. Assuming that the
EA modulator inscribed the signal in a continuous-wave (CWpupling loss between an EA modulator (or SOA) chip and an

IV. LOSSCOMPENSATION INPTS NoDE
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