JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 21, NO. 5, MAY 2003 1179

Generation of Complex Microwave and
Millimeter-Wave Pulses Using Dispersion
and Kerr Effect in Optical Fiber Systems

Oren Levinson and Moshe Horowitz

Abstract—We study a new method to synthesize high-frequency system. When the nonlinear effect in the fiber becomes sig-
complex microwave and millimeter-wave pulses using dispersion, nificant, MW/MMW pulses with a complex frequency modu-
Kerr effect, and group velocity delay in optical fiber systems. The |4tion can be generated. Since the response time of nonlinear
profile of the generated pulses can be controlled by changing the K ff, . h d f 2 few f ds. broadband
parameters of the optical system. Nonlinear propagation effect in err effect is on the order o a. ew emtosecon S, broadban
fibers can be used to generate electrical pulses with an extremely MW/MMW pulses can be obtained without the need for ex-
broad spread spectrum. Soliton trapping can be used to generate pensive electronics. Soliton trapping effect can be used to gen-
electrical pulses with a controllable frequency. Implicit results are  erate electrical pulses with a frequency that can be controlled
given when dispersion or nonlinear effect can be neglected. Gener- by changing the input power of the soliton. We experimentally
ation of electrical pulses with a controllable microwave frequency . .
is demonstrated experimentally using a Mach—Zehnder interfer- demonstrated.the generation of eIecFrlcaI pulses modulatgd ata
ometer and a chirped fiber Bragg grating. controllable microwave frequency using a Mach—Zehnder inter-
ferometer and a chirped fiber grating.

The optical technigue described in this paper enables genera-
tion of pulses modulated with a complex frequency profile that
can be optically controlled. The electrical pulses can have an

. INTRODUCTION extremely broad spectrum that cannot be obtained using con-

PTOELECTRONIC devices have been used to generé@ntional electronic systems. Broad spectrum pulses, generated
O continuous-wave radio-frequency signals using a lasy the technique described in this paper, may be important in
with an external electronic feedback [1], an electronic circuifdars based on pulse compression [6] as well as in communi-
controlled by the photoconductivity effect [2], an optical wav&ation systems based on spread-spectrum technique [7]. Pulse
mixing in hetrojunction bipolar transistor [3], an optical freLompression in radars enables one to obtain a large radiated
guency comb generator with a uni-travelling-carrier photodiod®1€rgy simultaneously with a high range resolution. The tech-
[4], and a low-frequency square wave modulation of a |asBiaue also enables reduction in the effect of clutter, multipath
diode [5]. The electrical wave generated in those works wadrderference, and electronic countermeasures [6]. Spread-spec-
low-noise continuous-wave signal with a frequency that couftHm signals used in communication systems are used in order
be controlled over a broad frequency regime. Complex radf suppress interference effect caused by multipath propaga-
frequency pulses were generated using spectral shaping ¢i08: jammers, and other users of the channel. The use of
supercontinuum source followed by a dispersive element.  SPread-spectrum pulses also enable one to hide signals and
In this paper, we study a novel optical method to synthesii‘é achieve message privacy in the presence of other listeners.
complex microwave and millimeter-wave (MW/MMW) pulsesThe extremely broad spectrum of the pulses, generated by the
The method is based on using linear and nonlinear propaé%phnlque described in this paper, can significantly improve the
tion effects in optical fiber systems in order to generate corR€fformance of broad spectrum radars and communication sys-
plex MW/MMW pulses that can be controlled by adjusting thims. Pulses that are generated using nonlinear Kerr effect, as
parameters of the optical system. The effect is theoretically g#scribed in Sections Il and IV, are modulated with a complex
alyzed in an optical system based on pulse propagation iffgduency profile. Such pulses enable one to efficiently hide
birefringent fiber. Implicit results are given when the dispe§ignals, to suppress interference effects caused by jammers,
sion or the nonlinear effect can be neglected. Dispersion c&d to reduce the sidelobe intensity of the electrical pulses
be used to generate MW/MMW pulses with a frequency thaptained at the output of the matched filter in the receiver.

can be controlled by changing the parameters of the opticddl® compression of the complex pulses in the receiver can
be obtained by using a surface acoustic wave dispersive delay

line and digital methods [6] as well as by using novel optical
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and Kerr effect can be used to generate electrical pulses mo
ulated with a complex frequency profile. We choose to analyze
the generation of the electrical pulses in an optical system base
on a birefringence fiber. Similar results can be obtained in othe
optical systems such as in a Mach—Zehnder interferometer wit
a chirped fiber grating, as described in Section VI.

Fig. 1 shows a schematic description of the system. The
system is based on the propagation of an optical pulse in ¢
birefringent fiber. The propagation of the input pulse in the
birefringent fiber can be analyzed by separating the input
wave into two polarization components, each aligned along the
principal axes of the birefringent fiber. Each polarization com-
ponent changes while propagating inside the fiber due to group
velocity delay, group velocity dispersion, and nonlinear Ke"—"ig. 1. Schematic description of an optical system used to generate complex
effect. The combination of nonlinear and linear propagatiaficrowave pulses. BF is a birefringent fiber with principal axeandy; P is
effects in the birefringence fiber changes the polarization statgolarizer aligned at an anglewith respect to thej-axis of the birefringent
of the optical pulses at the output of the fiber. The poIarizatic{'él)i:'eT,,h ° 'npu¥ wave has a linear polarization, aligned at an ahgfén respect

x axis of the fiber.
changes are converted into electrical pulses using a polarizer

and an optical detector. Pulse propagation in a high birefringent T Coiin
fiber was previously used for nonlinear shaping of opticaan neglect the coherent termsi; A, exp{—2i(, —f,)2}/3

in A% A2 (G — i 3
pulses in order to generate noiselike pulses in lasers [8]. rédeyA-”” eXp.{m(ﬂ? /31’)’2.}/3' We negIecF attenuation ef

) ! : L ) ect along the fiber since a fiber with a relatively short length
nonlinear filter, obtained by the birefringent fiber and the PO%n be used to implement the optical system

larizer, was used to enhance intensity and phase changes in e transform the time frame of each polarization component

noiselike pulses. Nonlinear propagation of pulses in a weakl : : . X
birefringent fiber, where the effect of differential group delalﬁlto atime frame that moves with the pulse atits group velocity

can be neglected, was used to obtain an intensity—dependént: t =8z 7y =1+ 6z, and obtain

optical filter [9]-[10]. oA, i 9%A, . 5 2 )
In our system, we assume that the polarization of the input 9, 3752 =1 <|Ax| + 3 14y] ) Ax
wave is linear and aligned at an anglevith respect to the slow 94 ; 822 9
axis of the birefringent fiber. A polarizer aligned at an angle Y 1 _B, 2’” =iy <|Ay|2 + - |Az|2> A, (D)
¢ with respect to theg-axis of the birefringent fiber is placed at 0z 2" o, 3
_the c_)utput _of the fiber in order to convert polarization changes e output field after passing the polarizer equals
into intensity changes.
The system can be analyzed by separating the incident WaVg  (t) = — A, (I, 1) exp (if,1) sin(¢)
into two polarization componenis, ,, aligned along the two A, (1, t) exp (iB,1) cos(¢).  (3)
principal axes of the birefringent fiberandy, respectively. The
coupled wave equations for the two polarization components areequation (3) shows that the output field after passing the
[11] polarizer is a linear combination or an interference between the
_ ) fields of the two polarization components. Since the interference
04z + 58’41 + 1528 A =iy (IA.T|2 + 2 |Ay|2> A, between the two polarization components is affected by the
9z ot 27 o 3 parameters of the input pulse as well as by linear and nonlinear
04, 68Ay N iﬁ %A, —iv (1A |2 " 2 A |2 A propagation effects in the fiber, it is possible to control and to
0z at T2 T\ 37" Y tailor the properties of the electrical pulses as shown below. The
(1) intensity at the output of the polarizer can change on a slow time
scale as required to generate microwave or millimeter-wave
where~ is the nonlinear coefficient3, is the dispersion coef- pulses. We analyzed numerically the system using the split step
ficient, 26 = (1/vg. — 1/vgy) is the difference between theFourier method [11]. In order to understand the dependence of
inverse group velocities of the two polarization component)e electrical pulses on the parameters of the optical system,
andA., A, are the envelopes of the field components polarizetde also give explicit solutions to (3) when nonlinear effect
along thez- and they-axis, respectively, defined &5, ,(z,t) = or dispersion can be neglected.
A, (2, t) exp(—iwot) exp(if. 4 2), Wherew is the carrier fre-  The optical pulses were converted to electrical signals using
guency and3, , is the carrier wave number for theandy an optical detector. The detector adds thermal and shot noise
polarization components, respectively. Since the dispersion &f-the electrical signal. When the input optical power is high
fect does not strongly depend on the fiber birefringence, vemough, the noise added by the detector does not significantly
assume that the dispersion coefficient is the same for the taffect the system performance. The detector also limits the max-
polarization components. We also assume in (1) that the phasem bandwidth of the generated pulses due to its finite re-
mismatch between the two polarization components is higiponse time. Assuming that the noise added by the detector is
2(B. — By)l > 1, wherel is the fiber length, and therefore wenegligible, the output current of the detect6r) equalsi(¢) =
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1(t) * h(t), whereh(t) is the impulse response of the detector, We assume that the two polarization components construc-
I(t) is the optical intensity of the pulse, arddenotes a con- tively interfere at the carrier frequengy, — 5,)! = 2mm,
volution operator. Due to the large carrier frequency of opticalherem is an integer number. In the case when the axis of the
waves, the optical system described in this paper can genegaatarizer is perpendicular to the polarization state of the input
electrical pulses with an extremely broad bandwidth. Thereforgave, the output intensity becomes

tector. In this case, the shape of the optical and the electrical ]

the parameters of the optical system should be chosen in order
t— ol
T ( () )
pulses is approximately the same. We choose the parameters l
1)
_|_

to ensure that the bandwidth of the optical pulses at the output () = |A0|2 To 2
of the polarizer will be narrower than the bandwidth of the de- outly =y ()
<t +6 )2
: . C ; : +exp | = | Ty
of the optical system described in this paper in order to obtain r
electrical pulses with a bandwidth narrower than about 50 GHz. ( 2

2
Such a bandwidth can now be obtained using commercial detec- — 2exp B (81) )
tors. Therefore, we assumed in our calculations that the limited T2%(1)
bandwidth of the detector does not significantly affect the output 2 (81) (Bl) ¢
pulse profile. An optical InP/InGaAs uni-travelling-carrier pho- - cos {2—2} }
todiode with a full-width at half-maximum (FWHM) bandwidth T5T>(1)
of 220 GHz that operates at a wavelength regime of LB5 (6)

has been demonstrated [12]. Using such a broadband optical de- ) ) i _
tector in our system will enable us to generate electrical puIs‘@QerezD - Tg/l% 1S . d|§perS|on length af‘ﬂ(z =1) =
with a broader spectrum than chosen in the current paper. Sideé! + (I/1p)”)"/* is the width of the Gaussian pulse at the

the intensity of the detected light is always greater than zel"-blftpUt of the_ fiber._'l_'he firstand secon_d te_rms in (6) are propor-
the amplitude of the electrical pulses has a single polarity. It }9nalto the intensities of the two polarization components at the
put of the fiber. The third term is caused by the interference

possible to obtain electrical pulses with a voltage that chan h larizati hi h
its polarity on time using a simple electronic circuit such as %I_t € two polarization components. This term causes the gener-
mixer or an electrical filter. ation of the microwave signal. Fig. 2 shows the output intensity

When the two polarization components of the optical pmsgglculated using (6). T.he figure indigates that the output pulse
that propagate in the birefringent fiber do not interact due i) modulated with a uniform modulgtlor_l frequency. The mOdl_J'
cross-phase-modulation effect, the optical system can be ifgion frequency equals 14.2 GHz in Fig. 2(a) and 9.5 GHz in
plemented using a Mach-Zehnder interferometer instead of g- 2(P)- The instantaneous modulation frequency of the elec-
birefringent fiber. In such a device, the interference betwediical signalwrr can be calculated directly from the third term

pulses that propagate in different arms of the interferometer er‘G)
be used to generate microwave and millimeter-wave pulses. In 51851
) ) : 26132
Section VI, we experimentally demonstrate the generation of WRF = - (7)
. . . . TO + ([))Ql)
electrical pulses with a controllable microwave frequency using

such an interferometer. Equation (7) shows that the modulation frequengy: does
not change along the pulse as obtained in Fig. 2. The frequency
[ll. MICROWAVE PULSES GENERATED USING wrr Can be controlled by changing the group velocity delay
DISPERSIONEFFECT of the fiber 4l, the dispersion coefficiens, and the initial
Wh . ulse widthIy. The duration of the microwave pulses can
en nonlinear effect can be neglected, the coupled wave . . . .
equations become [11] e controllt_ad by changing the (_jurathn of the input opt|caI.
pulse, the fiber length, and the dispersion. When the system is
DA, (1a,2) 1 9PA, (10, 2) ?mplemented using a_fiber Bragg grating and a Mach—Zehr_lder
i =—fo—F5—> interferometer, as discussed in Section VI, the electrical

Oz 2 or2 . .
2 4 pulses can be simply controlled by changing the parameters
LM :lggayi(ﬂ/’z). (4) of the grating or the interferometer. The minimum modulation
Oz 2 ot} frequency is limited by the pulse duration. The maximum

) . ~ modulation frequency is limited by the response time of the
In order to obtain explicit results, we assume that the inpytiector.
pulse has a Gaussian profilz = 0,t) = Ao exp(=t?/2T§).  The results, shown in Fig. 2, can be intuitively understood by
We also assume that the input polarization is linear and aligngghsidering the effect of dispersion on the optical pulses. Dis-
atananglé = 45° with respect to the-axis of the birefringent e rgjon induces a linear frequency chirp along the pulses since
fiber. The amplitude of the two polarization components, ifferent frequency components that form the pulse propagate
after propagating through a fiber with a lendtis given by with a different phase velocity [11]. The dispersion equally af-
) fects the fields of the two polarization components. However,
. ﬂ Ty . Ta,y the propagation time of the two polarization components is dif-
Ay y (I, Toy) = ———————exp |- e ‘ .
’ ’ V2 (12 — 2'521)1/2 2(T¢ —ifa1) ferent due to the birefringence of the fiber. Therefore, at a given
(5) time, the optical frequency of the two polarization components
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Fig. 2. Output intensity,.(¢) calculated for an input Gaussian pulse with an FWHM:= 2 1n(2)*/2T, = 2.5 ps that propagates in a birefringent fiber with
alengthl = 15 km, a group delay! = 13.5 ps, and a dispersion coefficient (&) = —20 psskm~! and (b)3. = —30 ps’lkm~*. The modulation frequency
of the output pulse equals (#)= 14.2 GHz and (b)f = 9.5 GHz.

becomes different and the output polarization state changedia- 45°, with respect to the:-axis of the birefringent fiber. In
time. The change in the output polarization is converted inthis case, it can be shown that the cross-phase-modulation effect,
an intensity change by the polarizer. Since chirp induced lgywen by the nonlinear term in (9) that contains the constant 2/3,
second-order dispersion is linear, the modulation frequencyddes not affect the output intensity since it adds equal phases to
the microwave pulse does not change along the pulse. both polarization components.

After passing a polarizer, aligned at an anglevith respect

IV. MICROWAVE PULSES GENERATED USING KERREFFECT  to they-axis, the output intensity,,.. becomes

In the previous section, we have shown that dispersioncanpe 1

_ 1l 2 2 2
used to generate MW/MMW pulses with a frequency that cafi™® — 2 { sin”(¢) |4z (0,7:)[" + cos™(¢) |4y (0,7, )]

be controll_ed py cha.nging fche parameters of the o_pticall system. — 8in(20) | Ay (0,7) Ay (0,7,)] cos (vIAT) } (10)
When a high-intensity optical pulse propagates in a fiber, the

optical nonlinear Kerr effect changes the phase and the instgjere

taneous frequency of the pulse and generates new frequency

components that do not exist in the input pulse. Therefore, the AT = |A,(0,t — 51)|2 —|A,(0,t+ 51)|2 (11)
nonlinear Kerr effect can be used to generate microwave signals

modulated with a complex frequency profile. Due to the fass the difference between the output intensities of the two polar-
response time of the optical Kerr effect, high-frequency modization components.

lation of the electrical pulses can be obtained without the needFig. 3 shows the output intensity for an input Gaussian pulse
for a fast modulation of the input optical pulse. In order to urwith an FWHM 7' = 21n(2)Y/21; = 200 ps and a maximum
derstand how nonlinear Kerr effect can be used to generate pgak power (a)4,|? = 4.8083 W and (b) 6.1833 W that propa-
crowave pulses, we neglect dispersion effect and obtain an igates in a birefringent fiber with a length of= 2 km, nonlinear

plicit solution to (2) and (3). coefficienty = 5 km™"W~"', and group delay! = 20 ps. The
When dispersion effect can be neglected, the coupled wa@sults shown in Fig. 3 indicate that complex microwave pulses
equations become can be generated from Gaussian optical pulses. Fig. 3 also

shows the instantaneous frequency of the microwave pulse.

0A, —iy (14,7 + 2 14,12) 4 The modulation of the electrical signal is obtained due to
9, * 37 * beating between the two polarization components, described
oA mathematically by the third term in (10). Therefore, the in-

y . 2
8—; =y <|Ay|2 + 3 |Aa:|2> Ay. (8)  stantaneous frequency of the microwave signat is defined
as wrr = vId(AI)/dt. We choose to use the standard ex-
The solution of the coupled wave equations is given by [8]pression for the instantaneous frequency [11], defined as the
derivative of the relative phase between the two polarization
Apy(l,t) = Asy (0, 70,y) exp [’W Az y (0,72 ) l} components. The derivative of the relative phase and hence the
y instantaneous frequency can have a positive or a negative sign.
X eXp lizv/ llAW (0, + 62) dz] ) However, we note thqt since the output intensity in our system
depends on the cosine of the phase difference between two
output polarization components and since a cosine is an even
Since we neglect dispersion effect, the pulse intensity profilenction, the same output intensity is obtained for a negative or
of each polarization component does not change while progapositive instantaneous frequency. Therefore, in our system,
gating in the fiber. In order to simplify the solution, we assumeegative or positive instantaneous frequencies have the same
that the input pulse has a linear polarization, aligned at an angféect on the microwave pulse amplitude.
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(a) ] (b) By controlling the intensity of the input pulse, it is possible to

control the magnitude of the electrical pulse modulation.
When the group velocity delay of the birefringence fibeis

much shorter than the input pulse duration, the intensity of the

output pulse can be expanded using a Taylor series

0.54 0.54

Intensity (a.u.)
Intensity (a.u.)

I(t+60) = I(t) + (5T (1) + %(51)21@(@

:i:%(él)g’ﬂg’)(t) Lo (81 (12)

R v 0= o 200 wherel@(t) = dI /dt' represents théth time derivative of
the input pulse intensity(t) = |A.(t,z = 0)]* = |A,(t,z =
0)|2. The instantaneous frequeneyr = ~ld(AI)/dt can be

404 40+ calculated from (10)—(12)

wrr = —1 [2611(t) + %(51)31(4)(0 +0 (6°°) . (13)

Equation (13) shows that the instantaneous modulation fre-
quency of the electrical pulse depends on the time derivatives
of the optical pulse intensity. Therefore, the instantaneous fre-
quency for a Gaussian pulse, shown in Fig. 3, is similar to the
second derivative of a Gaussian function. The magnitude of the
instantaneous frequency modulation linearly depends on the in-

200 0 200 00 0 200 tensity of the input Gaussian pulsé,|?. Therefore, it is pos-
Time (ps) Time (ps) sible to control the magnitude of the instantaneous modulation
frequency profile simply by changing the intensity of the input
Fig. 3. Outputintensity, . (¢) and instantaneous modulation frequengy- pulse. . .
calculated for a Gaussian pulse with an FWHM= 200 ps and a maximum T he profile of the electrical pulses can also be controlled by
g_eallf,powerf(g)t%lfh: |4~808h3 \;V and2 (E) 6.1833 IW that pr?fpagates in achanging the angle of the output polarizer axis with respect to
Ire r|ngent iber with a engt ol = . m, a nonlinear coe ICIenf/ = H H ] H .
5 km-'W-', and a group delayl = 20 ps. The input pulse has a Iir]earth_e axes of the b|refr|ngent_f|ber. F|g._4 shqws the profile of_ the
polarization rotated at an angle = 45° with respect to ther-axis of the Microwave pulses for four different orientations of the polarizer.
birefringent fiber. The polarizer is aligned at = 45° with respect to the Besides the orientation of the polarizer, the other parameters of
input polarization. The amplitude of the instantaneous frequency profile Iineaﬁ;‘e system are identical to that used in Fig. 3(b). The change in
depends on the input intensity of the pulse. y . 9. ’ g_
the microwave pulse shape when the axis of the output polarizer
is rotated can be understood from (10). The equation shows, for
N xample, that when th is of th larizerisr
The results shown in Fig. 3 can be intuitively understood sz ample, that he the axis of the polarizer s rotated By i@
. . . Ign of the beating component that causes the frequency mod-
considering the change in the optical pulse due to the propag?g- . . . . _
T ; > : . ation of the electrical pulses (the third term in the equation)
tion in the nonlinear fiber. The nonlinear effect adds a time-de-

— inverted. This result explains the difference between Fig. 4(a)
pendent phase to the two polarization components. When the : :
; - ) . and (c). When the nonlinear effect becomes dominant, the pulse
input pulse is linearly polarized at an angle® 4&ith respect to

o . ropagation might be significantly affected by modulation in-
one of the axes of the birefringence fiber, only self phase mOd[E{ability [13]-[16]. In the case when the dispersion coefficient

lation effect causes the generation of the microwave pulses. The . :
. : : oo uals zero, the system is marginally stable. In order to ensure
nonlinear interaction between the two polarization componer{I

RF Frequency (GHz)
RF Frequency (GHz)

(cross phase modulation) does not change the polarization of .%stabmty of the system, a normal dispersion may be added, as

X . : : . |sicussed in the next section. When a small normal dispersion
optical wave that propagates in the fiber since it adds an equdl . -
e : . IS :,-rldded in order to ensure the stability of the system, the results
phase to both polarization components. Since the magnitude ,Q o . o
. . : .. do_not qualitatively change compared to those described in this
the nonlinear effect depends on the instantaneous mtensnysgf ion
the optical pulse, the phase and the instantaneous frequency o '
the two polarization components change in time. In the ca
when the input pulse is linearly polarized at an angle W&h
respect to the:-axis of the birefringent fiber, the input and the
output fields of the two polarization components are the same.n the previous sections, we have shown that dispersion ef-
However, since each polarization component propagates witfeat can be used to generate microwave pulses with a uniform
slightly different group velocity, the output instantaneous frénstantaneous frequency and that Kerr effect can be used to gen-
quency of the two polarization components becomes differegriate microwave pulses modulated with a complex frequency
at a given time. Therefore, changes in the input pulse intensjtgofile that depends on the time derivatives of the input optical

are converted by the birefringent fiber into polarization changgsulse intensity. The combination of the two effects enables us

?? MICROWAVE AND MILLIMETER-WAVE PULSES GENERATED
USING DISPERSION ANDKERR EFFECT



1184 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 21, NO. 5, MAY 2003

1.01 , 1.0 1.07 1.0
(@) 0 (b) (a) (b)
= 5 3 e
= = z z
£ 0.5 £ 0.5 0.5 Z 0.5
5 g 8 5
= = = i<
) T T 0 /\ T T 0 T T 0 T t T
-200 0 200 -200 0 200 -200 0 200 -200 0 200
1.0 (c) 1.0 (d)
I 204 [ 204
- T T
3 = ~ ~
Z >
g 051 £ 05 g 0 g 0]
= & o (=2
2 5] g [
5 E = =
& -201 E =20
0 Y T ’ 0 T T T p T T p T T
200 0 200 200 0 200 200 0 200 200 0 200
Time (ps) Time (ps) Time (ps) Time (ps)
Fig. 4. Output intensityl,..(¢) calculated for four different orientations of Fig.5. Outputintensity,..(t) and instantaneous modulation frequeagy-
the output polarizer: (ap = 45°, (b) & = 30°, (c) ¢ = 135°, and (d)¢ = calculated for a Gaussian pulse with an FWHM= 200 ps that propagates
70°. Besides the orientation of the polarizer, the parameters of the systemiare fiber with a dispersion coefficient (&, = 30 pskm~! and (b)3. =
identical to those used in Fig. 3(b). 100 pskm~*. Besides the dispersion coefficient of the fiber, the parameters of

the system are identical to those used in Fig. 3(a).

to simplify the generation and control of electrical pulses mod-
ulated with a complex frequency profile. In order to calculatiétensity profile of the two polarization components changes
the output intensity when both dispersion and nonlinear effeginoothly on time and therefore it only affects the envelope of
become important, (2) was solved numerically using the spifte microwave pulse and not its internal structure.
step Fourier method [11]. Since the combination of linear and When the fiber has a normal dispersion coefficient, the optical
nonlinear effects can form a rich variety of phenomena that cptilse becomes broader as it propagates in the fiber. Therefore,
be used to generate microwave pulses, there is a need to devéliegoulse intensity and the magnitude of modulation frequency
an algorithm to find the parameters of the optical system and tbethe microwave pulses decrease as the dispersion coefficient
input optical pulse in order to tailor the profile of the electricancreases. The modulation instability effect in highly birefrin-
pulses to the requirements. In this paper, we will only focus @ent fibers can be obtained in the normal dispersion regime
the main phenomena that can be used to generate complex[ii3]-[14]. However, when the pulse power is greater than the
crowave pulses. In particular, we show that soliton trapping efritical powerP. = 362 /v, the modulation instability effect
fect can be used to generate microwave pulses with a frequedisappears. In the example shown in Fig. 5, the critical power
that can be controlled by changing the power of the input opticadualsP. = 2 W [Fig. 5(a)] andP. = 0.6 W [Fig. 5(b)], and
pulses. therefore the solution shown in Fig. 5 is stable. In the anomalous
We demonstrated in Fig. 3 the generation of electrical pulsdispersion regime, the combination of dispersion and nonlinear
due to Kerr effect in the case when dispersion could be neffect can shorten the duration of the optical pulses [17]-[19].
glected. Fig. 5 shows how a normal dispersion changes the Tése decrease in the pulse duration increases the pulse intensity,
sults shown in Fig. 3. The figure shows the output intensity a@dhd therefore the amplitude of modulation frequency of the elec-
the instantaneous frequency of the microwave puige for a trical pulse increases. However, the maximum pulse power may
fiber with a normal dispersion coefficiert, = 30 psskm™' be often limited by modulation instability [15]— [16].
[Fig. 5(a)] and3, = 100 pskm~" [Fig. 5(b)]. Besides the dis- One of the important effects that can be used to generate
persion coefficient, the parameters of the system are identiositrowave pulses is soliton trapping [20]-[22]. Two orthog-
to that used for calculating the results shown in Fig. 3(a). Wnally polarized solitons can propagate with the same group
have calculated the instantaneous frequency numerically usirgdocity in a birefringent fiber by shifting their carrier fre-
the connectionvrr = dlarg{A,(l,t)} — arg{A,(l,t)}]/dt. quencies in opposite directions due to cross phase modulation
In calculating the instantaneous frequency we assume that éffect. The frequency shifting of the two polarization com-
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Fig. 6. (a) Output intensity and instantaneous frequency of a microwave pulse and (b) optical spectrum of the two polarization componentforaloutgiat
pulseA(t) = Agsechit/To), with a durationT, = 5 ps, @ maximum peak powgd,|? = 0.4488 W that propagates in a fiber with a lengthlo& 14 km, a
nonlinear coefficienty = 5 km=*W~—1!, a group delay! = 78.4 ps, and a dispersion coefficiefit = —56 ps—2km~*. The average modulation frequency is
33 GHz.

ponents causes a time modulation of the polarization stateogtical pulses that propagate in the birefringent fiber do not in-
the output of the fiber. After passing through the polarizeteract due to cross-phase-modulation effect, the optical system
the polarization changes are converted into modulation of than be implemented using a Mach—Zehnder interferometer in-
electrical pulses. The modulation frequency of the electricallead of a birefringent fiber. In a Mach—Zehnder interferometer,
pulse can be controlled by changing the parameters of thelses that propagate in different arms of the interferometer
fiber such as dispersion or group delay as well as by changiimgerfere at the output of the device and can generate microwave
the duration and the intensity of the input soliton. or millimeter-wave pulses as obtained in Section Ill. The group
Fig. 6 shows the output intensity and the instantaneous frglocity delay added by the Mach—Zehnder interferometer can
guency of the generated pulses and the spectrum of the two pe-controlled by adjusting the length difference between the
larization components for an input optical pulse with a hypetwo arms of the interferometer. Therefore, in a system imple-
bolic secant profiled(t) = Agsectit/Ty), a durationT, = mented using a Mach-Zehnder interferometer, the frequency
5 ps, and a maximum peak powefy|?> = 0.4488 W. The input  of the electrical pulses can be easily controlled by changing
pulse is linearly polarized at an andle= 45° with respect to the length of one of the interferometer arms using an optical
the z-axis of the birefringent fiber. The birefringent fiber has &lelay line.
length! = 14 km, a nonlinear coefficieny = 5 km ‘W, Fig. 7 shows the experimental setup used in our experiment.
a group delayl = 78.4 ps, and a dispersion coefficied = In order to obtain dispersion effect, we used a chirped fiber
—56 pkm™!. The average modulation frequency of the eledragg grating. Our source was an erbium-doped ring fiber laser
trical pulse equals 33 GHz. Small changes in the modulation fi&at generated pulses at a repetition rate of 250 MHz, with a
quency are obtained along the pulse, as shown in Fig. 6. Itis pggration of 3 ps, at a central wavelength of about 1550 nm.
sible to control the modulation frequency simply by changinghe pulses were transmitted through a circulator and were
the power of the input soliton. For example, when the input pulégflected by a chirped fiber Bragg grating with a length of
had a maximum peak powéd,|> = 0.5935 W, the average 10 cm and an average dispersion slope of 0.13 nm/cm around a
modulation frequency of the millimeter-wave pulse increased &nter wavelength of 1549.8 nm. After passing the grating, the
40 GHz. However, there is not a simple connection between tpRtical pulse duration increases to about 1000 ps. The electrical
modulation frequency and the input power, since although tREIses were generated using a Mach-Zehnder interferometer
two polarization components are mutually bounded, the centfdld @ detector. The difference between the lengths of the two
frequency of the two components periodically changes along thns of the interferometer was adjusted using an optical delay
fiber. Therefore, when the input intensity increases, the pulége. In order to increase the modulation depth of the electrical
frequency can increase or decrease, depending on the inter@@pal, we added in the interferometer a polarization controller

of the input optical pulses and the parameters of the opti@ld an attenuator. We used an optical detector with a 3-dB
system. electrical bandwidth of 25 GHz. We added at the output of the

detector an electrical bandpass filter with a central frequency
of 10 GHz and a bandwidth of 5 GHz in order to filter slowly
varying components in the electrical pulse caused by grating

In Section Ill, we showed theoretically that dispersion camperfections and to obtain electrical pulses with a voltage
be used to generate MW/MMW pulses with a constant instatitat can change its polarity. The filter increased the electrical
taneous frequency that can be controlled by adjusting the fiimrise duration to about 2000 ps and added a small ripple at
birefringence. When the two polarization components of thbe end of the electrical pulse.

VI. EXPERIMENTAL RESULTS
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Fig. 7. Schematic description of the optical system used to generate microwave pulses with a uniform instantaneous frequency. CR is a circidator; FBG
chirped fiber Bragg grating; DL is a delay line; PC is a polarization controller; AT is an attenuator, and BPF is an electrical bandpass filtecal bewrpt
(EDFL) is an actively mode-locked erbium-doped fiber laser. The modulation frequency of the electrical pulses can be controlled by changitigahtnéeng

delay line.
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Fig. 8. Output electrical pulses, measured using a sampling scope and an electrical spectrum analyzer, obtained for two different lengtialafétaey dipi.
The modulation frequency of the pulses equals (a) 9.215 GHz and (b)10.21 GHz.

The mathematical analysis of the device used in the exparmeasured linewidth of the microwave signals, shown in Fig. 8(a)
ment is identical to that given in Section Ill. The group velocitand (b), was 400 and 100 Hz, respectively. A small chirp in the
delay between pulses that propagate in the different arms of fhequency of the electrical pulses can be observed. The chirp is
interferometer replaces the group velocity defapf the bire- mainly caused by imperfections of the fiber Bragg grating. Since
fringent fiber. Therefore, by changing the difference betweehe output of an interferometer is sensitive to changes in envi-
the lengths of the two interferometer arms, we could control thenmental conditions, the phase of the modulation profile of the
frequency of the electrical pulses as described in Section Ill.electrical pulse slowly changed on a time scale of a few seconds.

Fig. 8 shows two electrical pulses measured using a samplifigis effect could be eliminated by isolating the optical system
scope and an electrical spectrum analyzer. The modulation fieermally. The small ripple at the end of the pulse was mainly
guency was changed from 9.215 GHz [Fig. 8(a)] to 10.21 GHrlded by the electrical bandpass filter and may be avoided using
[Fig. 8(b)] by adjusting the length of the optical delay line. Tha filter without tails in its impulse response. The electrical filter
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also caused the change in the electrical pulse envelope obtaingd] J. P. ProakisPigital Communications4th ed. New York: McGraw-

when the modulation frequency was changed. 6]

VII. CONCLUSION
[l

We have studied a new method to synthesize high-frequency
complex microwave and millimeter-wave pulses using dis—[lo]
persion, Kerr effect, and group velocity delay in optical fiber
systems. The structure of the electrical pulses could be changed
by controlling the parameters of the optical systems. Optica[llll
Kerr effect could be used to generate electrical pulses with afj]
extremely broad spectrum without the need for a fast electronic
circuit. Implicit expressions were given when dispersion or

. . ) 13]
nonlinear effect could be neglected. Soliton trapping coul&
be used to generate electrical pulses with a controllable frg14]
quency. Generation of electrical pulses with a controllable
microwave frequency was demonstrated experimentally usings)
a Mach-zZehnder interferometer and a chirped fiber Bragg
grating. [16]
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