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Abstract—We have investigated the general characteristics of dispersion effects limit the actual bandwidth of PTS system
the power penalty due to the fiber chromatic dispersion effects in  [4]—[6]. We describe the general theory and present for the first
both fiber-wireless and photonic time-stretching systems. Two dif- time the experimental demonstration of PTS system associated

ferent modulation schemes have been demonstrated to reduce this ith . dulati diti including SSB dulati
penalty using our novel polymer modulators incorporating a multi- with various modulation conditions including modulation.

mode interference (MMI) structure. A single-sideband (SSB) mod-

ulator configuration has almost completely eliminated this penalty Il. POWERPENALTY IN FIBER-WIRELESSSYSTEM

without a bandwidth limit. A double-sideband (DSB) modulator . . .
configuration with an appropriate quadrature bias has also shown ~ The basic structure for these MZMs is shown in Fig. 1 repre-

significant improvement in bandwidth limitations for a given fiber ~ senting all possible modulation schemes and biases. If the input
link length. optical signal at’? is E;,(t) = ¢t with unit magnitude, the

Index Terms—Fiber-wireless systems, photonic time-stretching, generalized expression for output optical field from MZM mod-
polymer modulators, power penalty, single-sideband modulation. ulated atw,, is given by

| INTRODUCTION E(t) — %eiﬂt {eiAl cos(wn, t+6) + eiAQ (‘,os(wmt)—l—iéb} (1)
I N FIBER-WIRELESS systems, the radio frequency (RF\)/hereAi = V;/V, is the modulation depth atarm, ¢, =
signals are generated at the central exchange using opticgl /v/_is the optical phase shift controlled by dc bik,is the
techniques and transmitted to the remote base stations overgf-wave voltage. When this signal travels through the standard
tical fiber links. The simplest and best technique to modulagger with length ofL, the resulting optical field can be written in
optical fields with RF signals is an intensity modulation schemgrms of three frequency componer®s,2 — w,, and(2 + w,»,

via Mach—Zehnder modulators (MZMs) with continuous-wavgith different phase changes due to the chromatic dispersion
(CW) lasers. Using the conventional DSB modulation scheme,

the _RF power Qetected at the t_)ase station _suff_ers frqm a pe- E(t,L) = 1{ [Jo(Al) + Jo(Az)ei“’b] (19, —ipn

riodic degradation due to the fiber chromatic dispersion. As 2 . .

the RF frequency or fiber-link distance increases, this effect +i [J1(A1)e™ + J1(As)e™#]

is even more severe and limits the system performance. This % H(Q=wm) o =iPo —wm

detrimental effect can be mitigated using alternative modula- . i i

tion schemes [1]-[3]. In this paper, we derive more specific and i [Ti(A)e” + Ti(Ag)e]

standard expressions and confirmed them by experiments using x ¢ (Hwom)g=ivatom } )

standard MZM designs. This examination of the power penalty

in CW applications can be also utilized for the appropriate anehere Jo (A1), Jo(Az), J1(A1), J1(Az) are the Bessel func-

clear understanding of those in pulsed applications. tion values and\ is assumed to be small. Each phase change
Photonic time-stretching (PTS) utilizes optical systems to ecan be specified by usual Taylor expansion of the propagation

able high-speed analog-to-digital conversion (ADC) of RF sigonstantsi(w)

nals at otherwise inaccessible high frequencies. By exploiting

chirped optical pulses and chromatic dispersion in standard op- o =p(Q)L

tigal fiber;, hig_h-frequency RF signals can be stretched in time, 00w =BQ)L — B'(2) L + }/ //(Q)me2

without distortion, to lower frequency regimes where conven- 2

tional electror]ic ADCs are aple to digit?ze with hi'gh resolution'. Yotw, =B(Q)L + B () Lwm + lﬂu(Q)me‘z ©)

However, as in CW applications, the inherent fiber chromatic 2

where group velocity dispersion in standard fibers is defined by
Manuscript received October 11, 2002; revised February 27, 2003. This watk, = 127" /Xo”| = 17 ps/km- nm.
was supported in part by AFOSR and DARPA. ___Atthe photodiode, the RF signal at modulation frequency is
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Fig. 1. The general schematic for MZM structure representing all possib& 1 1 .
modulation schemes and bias conditions. _g 20 | i Ll
3 b
relationship, which consequently is a strong function of the diE PusrlPull :
persion parameter, fiber length and modulation frequency as c SrdeAr D‘C‘P Singie—Arm
be seen in (3). In the following sections, it will be shown that i 1 Dgge' m SRV
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also could be significantly affected by modulation schemes ar -5 —— 4%,
bias conditions. 0 3 6 o 12 15 18
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A. Push—Pull DSB Modulation; = Ay = A, 0 = 7)
ig. 2. Power penalty as a function of modulation frequencies in CW system

Both arms are driven by RF signals with equal power al";d?h different modulation schemes and quadrature biases for length of 23 km.
out of phase byr. One arm is biased either &, or V_j, cor-
responding to the quadrature bias voltages on the positive ojmilar to the previous push-pull operation case, the detected
negative slope of the MZM transfer function such that, = RF power is varying with the cosine function (first cosine term)
™Vip/Ve = m/2, ¢, = 7V_y,/Vz = —m/2 with respect to due to the same effect. However, in this case, this modulation
the other arm. This is so called push-pull operation and the afzheme introduces the additional phase difference between the
tical field from the MZM can be expressed by carrier and each sideband at the MZM, which influences the de-
1. , ‘ tected RF power. As shown in (7), the first cosine term is shifted
E(t) = iezm {e_ZA costomt) 4 jel® COS(“’”t)} (4)  by+x/4when the signs correspond to quadrature bias voltages,
o ) ) Vip. This indicates that the power nulls for the two different
The resulting intensity at the modulation frequency after progyadrature biases appear at different modulation frequencies (or
agating through fiber of length is fiber lengths). The DSB modulation driven in this fashion can
3" L2 increase the bandwidth for a given fiber link length or vice versa.
L, (t) o< Jo.Ji cos <T’”> cos(wmt — ' Lwy,).  (5) Fig. 2 shows the theoretical graph for the power penalty as a
function of modulation frequencies resulting from the two DSB
An optical carrier and two sidebands generated by DSB mogtodulation schemes discussed above. Push-pull operation has
ulation experience different phase shifts along the fiber and @1ly one power null while single-arm operation has two de-
sult in a relative phase difference between the carrier and ed@e&nding on the quadrature bias points as shown in Fig. 2. It can
sideband. Due to this effect, the RF power detected at the mbg-also seen that single-arm operation biaseld_atprovides
ulation frequency is not constant but varies with their phase Rhanced bandwidth compared to other two moulation schemes.
lationship, which is dependent on dispersion parameter, fiden the other hand, even though the same modulation scheme is
length, and modulation frequency. This power penalty is reprapplied, the bandwidth is degraded by a factox/afwhen bi-
sented by the first cosine term in (5). Since, in this case, both Rfed at/_,.
arms are balanced, there is no initial phase difference between )
carrier and each sideband at the MZM so that the power varfa- SSB Modulation&; = A; = A, § = +7/2)
tion appears in the form afos((3” Lwm?)/2)for both quadra- ~ When the both arms are modulated but the RF phase differ-
ture biases. ence on the two arms s /2, with quadrature bias voltagé.y,,
the optical field from the MZM becomes
B. Single-Arm DSB ModulationY; = 0, Ay = A)
When only one of arms is modulated and biaseti.at, the E(t) = %e’im {e“F’L'ASi“(“m” + et C‘““"””} . (®
optical field from the MZM can be expressed by
The resulting intensity at,,, after propagating through fibdr
1 iQt - 1A cos(wm,t i
B(t) = ;e {1 #iciteonenn 6) is

. ™
The resulting intensity at.,, after propagating through fiber of Lo, (t) o< JoJi sin (“’mt — ' Lwy, £ Z) : ©)

lengthL is
g The SSB modulation cancels out one of the sidebands and

generates only one sideband with a carrier. As a consequence,
it is seen in (9) that the first cosine term associated with the
(7) power penalty disappears so that detected RF power is constant.

1, (t) o< JoJi cos < 5 1

"r, m2
A" Liom” + I) cos(wmt — ' Lwm).
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. . . . ) _Fig. 4. MZMs incorporating MMI couplers and devices fabricated with
Fig. 3. Theoretical power penalty in PTS system with various modulathguymer material. CPW1/APC.

schemes and quadrature biasesMbe 10.

severe for push-pull operation or single-arm operation biased at

Ideally, the RF signal generated by SSB modulation does qplb in this modulation frequency range

suffer from bandwidth or fiber link length limitations with

either quadrature bias (see Fig. 2). IV. DEVICE FABRICATION AND EXPERIMENTAL SETUP

||| POWER PENALTY IN T|ME-STRETCH|NG&STEM The SSB MZM Structure in F|g 4 was fabricated Using
the recently developed polymer materials (CPW1/APC) and

PTS systems exploit the group velocity dispersion t0 Mg\ anced polymer fabrication technologies. This guest-host
porally expand a pulse while preserving its envelope shapesiem exhibits a high EO coefficient, low material loss at

which has information. The details of this theory are describgds um, and wideband frequency response over 100 GHz

in [4]-[6]. Instead of the plane waveform in the CW case, & The single mode (SM) ridge optical waveguides were
transform limited Gaussian pulse is assumed such as fabricated using the new inverted rib structures [8]. The key
2 benefit of these inverted rib structures is that it can eliminate
FEsource(t) = exp <——2> exp(it). (10) the damage problem on the core layer by the photoresist sol-
4 vents when the waveguides are defined in the core layer. This

Then, the same principle as in the CW system is applied to thiéimately resulted in much simpler fabrication procedure and
PTS system so that the resulting intensitywat for each mod- lower propagation losses. Also the SM waveguide structures

ulation scheme is were designed to provide the symmetric mode shape with a
" 9 rib depth of 0.8um and waveguide width of 4m. A large
I, (1) ucos(w)push-pull DSB withV.; (11) optical nonlinearity in the core region was achieved through
2M , electrode poling. The microstrip lines were vertically aligned
6" Lowy* T\ . . to the optical waveguides in the interaction regions to provide
Lo, () o COS( oM + Z) :single-arm DSB witi, (12) inherent velocity match of RF signal and optical signal.
I, (t) =const : SSB withVy, (13) In order to reduce the complexity and bias drift from applying
additional DC bias, instead of using a normal Y-junction split-
where a stretching factaW/ = 1 + (La/Ly). ting structure, an asymmetrical 1-by-2 MMI coupler was used in

Fig. 3 shows the theoretical graph for the power penalty agrant of the SSB modulator. This structure was intended to offer
function of modulation frequencies in a PTS system wlifh=  the built-in bias with the equal power and required optical phase
10. In the SSB modulation, the cosine term associated wishifts of /2 for two arms. The measured excess loss due to the
power penalty disappears so that detected RF power is constdM| was less than 1 dB and power difference at two outputs
and does not suffer from bandwidth or fiber link length limitawas less than 0.1 dB, which corresponds to the phase difference
tions with either quadrature bias. As in the CW case, push-pldks than 1.
operation has only one power null while single-arm operation Fig. 5 shows the experimental setup for the PTS system (and
has two depending on the quadrature bias points. For exam@®y system). The optical source is a passively mode-locked
when the PTS system incorporates either SSB modulationIar’™ fiber pulse laser with a 40 nm bandwidth at 1/5% and
single-arm DSB modulation biased Ht,, RF signals of up a 40 MHz repetition rate (1.55m Er** fiber CW laser for
to 40 GHz (which is attainable by current technology) can B8W system). Both fiber spools; and L, are standard SMF
stretched out up to 4 GHz withf = 10 without suffering from (L, = 0, L, = 23 km for CW system). The dispersed input op-
the power penalty. On the other hand, the power degradatiottical signal fromL; is modulated at MZM by a 20 GHz sweep
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15490 1549.2 15404 15496 15408 quadrature bias point as can be seen in (7). The measured power
s nulls corresponding t&,., andV_,, appear at 8.6 GHz and 15.6
= 40 Upper Sideband GHz, respectively, slightly deviates from the expected values
% (Biased atVy) from (7) by approximately 0.5 GHz. This can be caused by fac-
o -5 L tors such as an uneven splitting ratio, the modulation depth and
8 Co b g () \ L m iyt small deviations from the quadrature bias points. These factors
B -60 HL‘ ‘ll“‘-"”‘ W | A \\f‘u\\‘ i M“« il “M.’ WW \‘\{!“ ’. \‘h.‘\'M % ” . P . .
o [ ‘ ‘ cause a small change in the initial phase which can slightly move
1549.0 1549.2 1549.4 15496 1549.8 the positions of the power nulls. The theoretical plot in Fig. 7 is
Wavelength (nm) calculated assuming a splitting ratio of 1, a negligible modula-

tion depth(.Jo = 1) and a deviation from the quadrature bias of
Fig. 6. Measured optical output SSB spectrums on OSA at a modulat|6n3 V.
frequency of 18 GHz.

. s ) B. Measurement in PTS System
oscillator and amplified in an EDFA before enterihg. The

stretched output fronil, spool is detected by a photodiode and N our PTS measurement, the RF signal of up to 18 GHz was
amplified by a RF amplifier. To exclude the frequency respon§&étched out to 8.6 GHeM = 2.1). At each modulation fre-
of the MZM, the difference of the RF power before and after uency, the center of the shifted RF spectrum is observed on

is measured by two RF spectrum analyzers. the spectrum analyzer. Fig. 8 shows the measured output RF
frequencies as a function of modulation frequencies with fiber
V. EXPERIMENTAL RESULTS spools,L.; = 13.5 km andL, = 15 km, which is in good

agreement with the theoretical value for all modulation schemes
and bias conditions. A lowM factor of 2.1 was intentionally
The SSB modulation at 18 GHz with a CW laser was firsised in our experiment to be able to see the first power nulls re-
confirmed on the optical spectrum analyzer (OSA) at bosulting from the DSB modulation biaseddt, below 20 GHz
guadrature bias voltageBy,, to ensure the performance offrequency range. Since the frequency values at power nulls are
our SSB modulators (Fig. 6). The upper sideband spectrumpiportional toy/M, the first power nulls for thé/ greater than
corresponding to the quadrature biasat, and lower upper 2 appear far beyond this frequency range.
sideband spectrum is corresponding to the quadrature bias ahe measured RF power penalties as a function of modulation
Vib. frequency for the various modulation conditions are shown in
Fig. 7 shows the measured power penalty for the various mdelg. 9. Also shown in Fig. 9 are the theoretical power penalties
ulation schemes and two quadrature bias points when the filieluding the effects described in the CW case such as a splitting
length is 23 km. For the SSB modulation, the power nulls havatio of 0.95, a negligible modulation depft, = 1) and a
not been observed for the entire frequency range at both quadteviation from the quadrature bias of /3 The deviation from
ture bias points. On the other hand, the DSB modulation drivéme original theoretical plot without considering these effects is
by single-arm operation has different power nulls depending about 2.5 GHz.

A. Measurement in CW System
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quadrature biases.

In

VI. CONCLUSION
both fiber wireless and photonic time-stretching system,

the power penalty due to the fiber chromatic dispersion effects
is undesirable and limits the system performance. We have
demonstrated techniques to reduce this power penalty using

both

polymer-based SSB and DSB modulators. The limit on

the modulation frequency due to this penalty can be almost
completely eliminated with the SSB modulation without a
bandwidth limitation and also can be significantly improved
with the DSB modulation by using an alternative quadrature

bias

point. These results indicate that SSB modulation or

appropriately biased DSB modulation can have important roles
in both CW and pulsed applications.

(1

(2]

10 4 ‘
[ — EWWEU?Q%HUVE%;%WE%%&%%G@E?@
avasasd s’ :.'.'o'. e* :o‘/"'4
— -10 - ~ . ew .0/00/ [}
om 1 i -
:?_' -2+ 7 "
% q . «”
.30 . !
o | ‘o
F 40- .
-2 50 Theory Experiment
®
S ] DSB (V) DSB (V,,)
X g0 ~ -~ DSB(V,) | * DSB(,)
- 1 SSB(V,) v B8B(V,)
] — - —SSB(V,) 0 SSB(V,)
-80 T T T T T T T T
8 10 12 14 16 18
Modulation Frequency (GHz)
Fig. 9. Measured power penalty in PTS system for various modulation

schemes and quadrature biases.

The DSB modulation biased &1, shows the first power null

at around 13.5 GHz while the DSB modulation biaseW_af is

(3]

[4]

expected to appear at 28 GHz. Therefore, the limit on the modu-
lation frequency can be significantly improved even for the DSB 5]
modulation by using the alternative quadrature bias point. On
the other hand, the SSB modulation, for both quadrature bias
points, almost completely eliminates this penalty effect without (5] J. Fuster, “Single-sideband modulation in photonic time-stretch

a bandwidth limit as shown in Fig. 9.

Fig. 10 shows the RF power spectral density of modulated,
pulse before and after stretching for the DSB modulation with

two quadrature bias point$,,, at the modulation frequency

of 13.5 GHz. As expected from Fig. 9, the stretched RF sig-
nals at this modulation frequency exhibit considerable amount8]

of power at quadrature bias poivit;, and almost zero power at

guadrature bias poirit,,,.
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