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Optical Processing Based on Spectral Line-by-Line
Pulse Shaping on a Phase-Modulated CW Laser
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Abstract—We demonstrate optical processing based on spectral
line-by-line pulse shaping of a frequency comb generated by phase
modulating a CW laser and show various applications including
CW-to-pulse conversion, width/wavelength tunable return-to-zero
pulse generation, pulse-to-CW conversion, wavelength conver-
sion, and microwave photonics. The correlations between optical
spectra, time-domain waveforms, and RF spectra are quantita-
tively studied.

Index Terms—Line-by-line pulse shaping, optical processing,
phase modulator.

I. INTRODUCTION

PERIODIC pulses are characterized in the frequency domain
by an evenly spaced series of discrete spectral lines (optical

frequency comb), with the frequency spacing equal to the pulse
repetition rate. Pulse-shaping techniques, in which intensity
and phase manipulation of optical spectral components allow
synthesis of user-specified pulse fields according to a Fourier
transform relationship, have been developed and widely adopted
[1]. Past pulse shapers have generally manipulated groups of
spectral lines rather than individual lines, which results in wave-
form bursts that are separated in time with low duty factor and
which are insensitive to the absolute frequency positions of the
mode-locked comb. This is primarily due to the practical diffi-
culty of building a pulse shaper that is capable of resolving each
spectral line for typical mode-locked lasers with repetition rates
below 1 GHz. With the possibility to extend pulse shaping to
independently manipulate the intensity and phase of individual
spectral lines (i.e., line-by-line pulse shaping), the shaped pulses
can overlap with each other, which leads to waveforms span-
ning the full time period between mode-locked pulses (100%
duty factor). Waveform contributions arising from adjacent
mode-locked pulses will overlap and interfere coherently in a
manner sensitive to the offset of the frequency comb [2]. Such
line-by-line control is an important step towards optical arbitrary
waveform generation (O-AWG), since the intensity and phase
of each individual spectral line is independently controlled.
Previous efforts towards spectral line-by-line control utilized a
hyperfine filter but were limited within a narrow optical band-
width—the free spectral range of this device [3], [4]. Recently,
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we demonstrated spectral intensity/phase line-by-line pulse
shaping [2] and, thus, O-AWG over a considerably broader
band [5] based on high-resolution grating-based pulse shapers.

In prior demonstrations, the spectral lines (or periodic pulses)
are generated by high-repetition-rate mode-locked lasers. Such
spectral lines can suffer from instability problems [2], which
hinders the development of the line-by-line pulse-shaping
technique. An alternative technique to generate a well-defined
comb of spectral lines is applying strong periodic modulation
on a CW laser [6]–[13]. This is an old idea [6], and results gen-
erating combs spanning multiple THz have been obtained using
high-power microwave drives [7], [8]. Some simple optical
processing functionalities have been recently demonstrated
based on a modulated CW laser. For example, a modulated
CW laser is followed by single-mode fiber or other dispersion
components for pulse generation [9]–[11], followed by an
array waveguide grating for wavelength conversion [12] and
followed by a fiber Bragg grating for microwave photonics
applications [13]. However, the demonstrated functions are
largely limited by these simple processing devices which have
very limited and fixed (i.e., nontunable) capabilities. In this
study, we demonstrate spectral line-by-line pulse shaping on a
modulated CW laser, which significantly extends the capability
of optical processing with a modulated CW laser, since the
intensity/phase of all individual spectral lines can be inde-
pendently and programmably controlled. The bandwidth of
spectral lines generated by a modulated CW laser is especially
suitable to optical fiber communication applications, some of
which will be shown below.

Compared with the spectral comb generated from a mode-
locked laser, the comb from a modulated CW laser possesses the
following advantages: lower cost and lower complexity, simple
tuning of the comb offset frequency (spectral line position),
continuous tunability of the spectral line separation (the repe-
tition rate), and reasonably stable operation without active con-
trol. Although highly stable and tunable mode-locked lasers are
available now, for example, Ti:Sapphire lasers built with the
state-of-the-art technique [14], the repetition rates are usually
limited to around 1 GHz for such stabilized lasers. Our cur-
rent line-by-line pulse-shaping technique requires higher repeti-
tion rates in order to cleanly resolve lines; such higher rates are
also more interesting for optical communication applications.
However, at high repetition rates, frequency-stabilized lasers
have been demonstrated only with very complicated control and
with tunability significantly compromised [15]. Furthermore,
this “modulation-of-CW” scheme has the significant advantage
that frequency offset and coherence of individual lines are con-
trolled by the input CW laser and are decoupled from the pulse
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Fig. 1. Experimental setup.

generation process; this provides a degree of control that is not
yet readily available at high (e.g., 2.5–10 GHz) repetition rates
from mode-locked sources. A drawback is that timing jitter is, in
principle, impacted by the driving electronics (as indeed is the
case for harmonically mode-locked lasers). However, this had
no observable effect in the experiments reported here.

In addition to the applications for optical processing, since
we are able to gain control over the comb using a CW mod-
ulation scheme, it lets us study the new fundamental issues in
line-by-line shaping. This will elucidate issues that will also
be important when pulse shaping is used with true stabilized
combs. In particular, we present here a multiple-spectral-lines-
to-single-spectral-line (i.e., comb-to-CW) conversion exper-
iment and investigate the correlation between the optical
spectrum, the electrical spectrum, and the time-domain wave-
forms as the suppression ratio of undesired lines is intentionally
compromised. Frequency-comb-to-single-frequency conver-
sion is perhaps the simplest operation possible in line-by-line
shaping; our experiments examining the effect of imperfect
suppression of undesired lines adds insight into what is required
for good waveform fidelity in line-by-line shaping.

II. EXPERIMENTS AND DISCUSSIONS

A. Experimental Setup

Fig. 1 shows our experimental setup. A tunable CW laser
(Agilent 8163A, with linewidth MHz) is modulated by a
phase modulator, which is driven by the clock signal from a
bit-error-rate (BER) test set. The generated spectral lines are
then manipulated by the spectral line-by-line pulse shaper. The
resulting optical signal is measured by an optical spectrum ana-
lyzer (OSA) with 0.01-nm resolution and intensity autocorrela-
tion measurement apparatus. The output signal is also detected
by a 50-GHz photodiode and measured by an RF spectrum ana-
lyzer (0–50 GHz) and sampling scope with 50-GHz bandwidth.
The phase modulator has a of V. As an alternative, an
intensity modulator can also be used for the purpose of spectral
comb generation.

Fig. 2 shows the experimental setup of a line-by-line pulse
shaper, in which a fiber coupled Fourier-transform pulse shaper
is constructed in a reflective geometry. A fiber-pigtailed col-
limator and subsequent telescope take the light out of fiber
and magnify the beam size to mm diameter on the
1200-grooves/mm grating in order to enhance the pulse-shaper
resolution. Discrete spectral lines making up the input short

Fig. 2. Line-by-line pulse shaper. The inset figure shows a measured 3-dB pass-
band of 2.6 GHz. LCM: liquid crystal modulator. PC: polarization controller.

pulse are diffracted by the grating and focused by the lens with
1000-mm focal length. A fiberized polarization controller (PC)
is used to adjust for horizontal polarization on the grating. A
2 128 pixel liquid crystal modulator (LCM) array with a
polarizer on the input face is placed just before the lens focal
plane to independently control both amplitude and phase of
individual spectral lines. The individual pixels of the LCM,
arranged on 100- m centers, can be electronically controlled
independently to give amplitude and phase control. A retro-re-
flecting mirror leads to a double-pass geometry, with all of the
spectral lines recombined into a single fiber and separated from
the input via an optical circulator. The fiber-to-fiber insertion
loss is 11.6 dB (including circulator loss), which includes all
optical component losses as well as loss incurred in focusing
back into the 9- m fiber mode after the pulse shaper. The loss in
the system is compensated by an erbium-doped fiber amplifier.
The passband width, which is measured by scanning a tunable,
narrow-linewidth, CW laser with the LCM replaced by a narrow
slit, is 2.6 GHz at the 3-dB points, as is shown in the inset.
The passband is mainly caused by the finite spot size at the
LCM plane, which is affected by the pulse-shaper design [1].
The high resolution makes accurate and independent control
of individual spectral lines possible and enables line-by-line
pulse-shaping control, potentially over a broad optical band.

B. Generation and Control of Spectral Lines

Fig. 3(a) shows the optical spectrum of the CW laser, which is
characterized as a single spectral line. Fig. 3(b) shows the gen-
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Fig. 3. Spectra of: (a) input CW and (b) phase-modulated CW at 9.0 GHz,
(c) phase-modulated CW at 9.0 GHz but tuning the input CW wavelength, and
(d) phase-modulated CW at 13.5 GHz.

erated optical spectral lines after the phase modulator driven by
a 9.0-GHz clock signal. Even though our current phase modu-
lator limits us to only phase shift, a total of 16 comb lines
are visible above the noise floor of our measurement with this
phase shift, covering a bandwidth of 135 GHz. Such a band-
width is particularly useful for optical fiber communications
and microwave photonics applications. The bandwidth could be
significantly enhanced by applying higher RF power, lowering
modulator , cascading modulators, and using a phase modu-
lator with optical resonance configuration [8]. The asymmetry
of the spectral lines is caused by the nonpure cosine driving RF
signal, which has little impact on our demonstration since the
intensity of individual lines can be controlled. Fig. 3(c) con-
firms that tuning the frequency of the source laser results in a
corresponding shift of the generated comb, demonstrating con-
trollability of the spectral line positions or the offset of fre-
quency comb. This offset of frequency comb and its control in
the mode-locked laser play a critical role in recent advances in
optical metrology [16], [17]. The results shown here provide
an alternative way to control it. Fig. 3(d) shows the spectral
lines with a 13.5-GHz driving signal (with similar bandwidth),
demonstrating controllability of the spectral line separations.

C. Spectral-Line Fluctuation and its Impact on Line-by-Line
Pulse Shaping

Intuitively, full control of individual spectral lines requires
frequency-stabilized sources to generate stable spectral lines in
addition to the high-resolution pulse shapers to resolve and con-
trol individual spectral lines. To illustrate this point, in this sec-
tion, we compare the results of pulse shaping on a relatively
unstable mode-locked laser and the phase-modulated CW laser.
For this purpose, two spectral lines are selected by the pulse
shaper and the corresponding cosine waveforms in the time do-
main are studied. Fig. 4 shows the relationship between spectral
line stability and waveform noise process. Fig. 4(a) shows an
overlap of multiple scans for the two spectral lines and sampling

Fig. 4. (a) Unstable spectral lines and corresponding waveforms from an ac-
tively mode-locked fiber laser running at 10.5 GHz. Noise process is observed
when applying � phase shift on one of the two lines. (b) Stable spectral lines and
corresponding waveforms from a modulated CW at 10.5 GHz. No such noise
process is observed.

scope traces from our harmonically mode-locked fiber laser run-
ning at 10.5 GHz, which shows observable frequency fluctua-
tions. The cosine waveform is relatively clean if no phase shift
is applied. However, if phase shift is applied on one of the
spectral lines, the waveform shows a strong noise effect. As clar-
ified in [2], the noise occurs due to the effect of fluctuations in
the pulse-to-pulse phase on the interference of shaped waveform
contributions arising from two different mode-locked pulses.
Note that the behaviors of spectral-line fluctuations highly de-
pend on the characteristics of the particular mode-locked laser.
In contrast, the phase-modulated CW at 10.5 GHz in Fig. 4(b)
shows spectral lines with reasonably good stability. The wave-
forms are clean for both 0 and phase shift on one of the
two spectra lines. The CW source used in our experiments has
a -MHz fluctuation, which is sufficiently stable to allow
clear demonstration of various optical processing functionali-
ties using line-by-line pulse shaping, as we report later in this
paper. The simple comparison study in Fig. 4 shows the impor-
tance to have stable spectral lines for line-by-line pulse shaping.
The approach of a phase-modulated CW laser provides a simple
and flexible solution for generating spectral lines with reason-
ably good stability.

D. CW-to-Pulse Conversion

Hereafter, we show various optical processing functionalities
based on spectral line-by-line pulse shaping on a phase-mod-
ulated CW laser, in which spectral lines with 9.0-GHz sepa-
ration as shown in Fig. 3(b) are used unless otherwise speci-
fied. Fig. 5(a) shows the time-domain waveform corresponding
to Fig. 3(b) as measured by a sampling scope. The phase-mod-
ulated waveform remains at almost a constant intensity, as is
expected, since only the temporal phase is modulated. From
now on, we use the line-by-line pulse shaper to manipulate the
spectral lines of the modulated CW laser to show optical pro-
cessing capabilities. The LCM pixel spacing is matched to the
9.0-GHz spectral-line spacing (each line is controlled by every
two pixels) by setting an appropriate grating diffraction angle.
By correcting the spectral phase of the individual lines using the
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Fig. 5. CW-to-pulse conversion. (a) Sampling scope trace of phase-modulated
CW. (b) Pulses measured via sampling scope after spectral phase correction (cir-
cles) and calculation (solid line). (c) Measured (squares) and calculated (solid
line) pulse intensity autocorrelation.

line-by-line pulse shaper while keeping the spectral-line inten-
sity untouched, the CW is converted to an almost transformed-
limited pulse train, as shown in Fig. 5(b). The spectral phase
correction using the line-by-line pulse shaper is similar to dis-
persion-compensation experiments using a pulse shaper as a
spectral phase equalizer [18]. The measured sampling scope
traces (circles) have a full-width at half-maximum (FWHM)
of 15 ps while the calculated transform-limited pulses (solid
line) have a FWHM of 12 ps based on the spectrum shown in
Fig. 3(b). The deviation between experiment and calculation
is mainly due to the limited bandwidth of the 50-GHz pho-
todiode. To show further evidence of nearly complete phase
correction, the measured intensity autocorrelation of the gener-
ated pulses (17 ps, squares) and the calculated transform-limited
pulse intensity autocorrelation (16.5 ps, solid line) are shown in
Fig. 5(c). The excellent agreement between them demonstrates
that the CW is converted to almost transform-limited pulses as
short as 12 ps. All the spectral lines of the phase-modulated CW
laser have 0 or phase shift [8], making experimental imple-
mentation of phase correction simple. For a pure cosine driving
waveform, the intensity/phase of spectral lines can be calculated
analytically [9]. However, the driving waveform adapted from
the clock signal of a BER test set in our experiment has strong
higher harmonic components, which make it somewhat involved
to accurately determine the phases of all spectral lines. To accu-
rately predict the phase profile, the actual driving RF waveform
(both its amplitude and shape) and of the phase modulator
must be known. In our experiment, the spectral phase profile
of the modulated CW laser is first estimated by calculation as-
suming a pure cosine RF driving waveform (i.e., neglecting the
harmonic distortion known to be present in our driving wave-
form), and then a conjugate spectral phase is applied and ad-
justed (change some spectral line phases between 0 and ) until
the shortest pulses are obtained. In this experiment, the , ,

, , , and order lines in Fig. 3(b) are controlled to

have a phase shift while the other lines have zero phase shift
to compensate for the phases of the generated spectral lines. This
simple procedure is sufficient for the purpose of the demonstra-
tion shown here. The accuracy of the spectral phase estimation
by this procedure is also confirmed (at least for those dominant
lines) by a spectral phase-measurement technique mentioned
below. In addition to theoretically predicting the spectral phase
profile using the information of RF driving waveform and
of the phase modulator, the spectral phase can be alternatively
measured using other methods. Among the various optical tech-
niques developed to characterize the spectral phase, an inter-
ferometry-based method [19], [20] is particularly appealing for
the characterization of discrete spectral lines shown here, since
this method also relies on spectral line-by-line control. Actu-
ally, we measured the phases of generated spectral lines using
this method, which agree with the estimated spectral phases
for those dominant spectral lines (from to order). The
higher order spectral lines at edges have too little power to be
accurately measured and have a negligible effect on this pulse
generation experiment. Note that the pedestal in the generated
pulses is mainly caused by the almost missing center spectral
line (zeroth-order).

Previously, CW-to-pulse conversion was achieved by
correcting spectral phase using single-mode fiber or other dis-
persion components [9]–[11]. However, only a simple spectral
phase profile (such as quadratic) can be compensated in this
way, making it difficult to achieve transform-limited pulses
as successfully demonstrated here. Fiber Bragg gratings are
able to compensate for complex spectral phases [22]–[24] but
require relatively complicated design and have very limited
tunability. Our demonstration also provides a simple approach
to generate high-repetition-rate short pulses. In order to achieve
shorter pulses comparable to those from high-repetition-rate
mode-locked lasers, one just needs more spectral lines or
broader optical bandwidth generated from the modulated CW,
which can be fulfilled with technologies mentioned before.

E. Width- and Wavelength-Tunable Return-to-Zero (RZ) Pulse
Generation

Rather than short-pulse generation, other waveforms or es-
sential optical arbitrary waveform can be achieved with this ap-
proach since the intensity and phase of individual spectral lines
can be manipulated. This is similar to our previous line-by-
line pulse-shaping demonstration using a mode-locked laser [5].
Here, we show a simpler but still useful functionality.

Fig. 6 shows width- and wavelength-tunable RZ pulse gener-
ation, which we previously demonstrated using a mode-locked
laser [21]. The pulse width is proportional to the inverse of
the spectral bandwidth (after phase correction) or, roughly
speaking, the number of the spectral lines. The spectra are con-
trolled by the pulse shaper to have two lines [Fig. 6(a)], three
lines [Fig. 6(b)], and four lines [Fig. 6(c); linear scale spectra
are shown to compare the relative intensities of spectral lines].
The relative intensities between individual lines are controlled
to make generated waveforms with negligible oscillation and
pedestal. The corresponding pulse FWHMs are 55, 37, and
28 ps, respectively, agreeing well with the calculated wave-
forms. Specifically, for two spectral lines, the ideal waveform
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Fig. 6. Width- and wavelength-tunable RZ pulse generation. The spectra are
controlled to have: (a) two lines, (b) three lines, and (c) four lines. The corre-
sponding waveforms have width of 55, 37, and 28 ps. These pulses also have
different and adjustable center wavelengths.

intensity profile in the time domain corresponds to a cosine
function (with a dc offset). The waveform in Fig. 6(a) indeed
demonstrates a 9.0-GHz cosine function. Together with the
12-ps pulses demonstrated in Fig. 5, a pulse-width tuning range
of 12–55 ps at a 9.0-GHz repetition rate has been shown. Pulses
in Fig. 6 also have different but adjustable center wavelengths,
demonstrating a wavelength-tunability function. Larger wave-
length tuning range can be readily achieved by tuning the CW
center wavelength. Width- and wavelength-tunable pulses are
widely used in optical fiber communication systems and optical
networks, including RZ format transmission, soliton systems,
optical time-division multiplexing, optical code-division mul-
tiple-access, and optical packet generation [21].

F. Single-Line Filtering (Pulse-to-CW Conversion and
Wavelength Conversion)

In general, waveform fidelity after pulse shaping depends on
the precision with which the frequency spectrum can be con-
trolled. In order to gain insight into pulse-shaper requirements
in the line-by-line regime, here we examine what is perhaps
the simplest and most fundamental operation in line-by-line
shaping: selection of a single spectral line, converting an input
frequency comb into a CW field. Our results show the critical
importance of achieving very high suppression of unwanted
lines.

Fig. 7(a) shows the use of the line-by-line shaper to filter
out one single spectral line, which is different from the input
CW wavelength. The undesired lines are almost completely
suppressed (which is higher than 39 dB) and are buried in
the noise background. In this single-line filtering experiment,
slits are used to assist suppressing undesired lines. Fig. 7(b)
and (c) shows the corresponding CW waveform detected by a
photodiode and its RF spectrum. According to Fig. 7(b) and
(c), there is a 45-dB contrast ratio between dc and the first
harmonic in the RF spectrum. According to our later discus-
sion, this suggests the suppression ratio of unwanted lines
in the optical spectrum is as large as 48–54 dB. Comparing

Fig. 7. Pulse-to-CW conversion and CW-to-CW wavelength conversion.
(a) Optical spectrum of one filtered line, which is different from the input CW
wavelength. (b) Corresponding CW waveform detected by a photodiode and
(c) RF spectrum.

with the pulse-generation data demonstrated in Figs. 5 and
6, this demonstrates the pulse-to-CW conversion function.
If data are modulated onto the pulses, this conversion essen-
tially accomplishes RZ-to-non-return-to-zero (NRZ) format
conversion as previously demonstrated using a mode-locked
laser [21]. Further, the input CW and filtered output CW
have different wavelength, which demonstrates CW-to-CW
wavelength conversion. Wavelength conversion based on this
scheme also works if data are modulated on the input CW.
Previously such wavelength conversion was achieved using
an arrayed waveguide grating [12]. However, multiple lines
were typically produced instead of a single output line (pure
CW) due to limited spectral suppression. The almost pure CW
wavelength conversion demonstrated here may be useful to
reduce crosstalk in wavelength conversion for application to
dense wavelength-division-multiplexing systems.

G. Correlation Between Optical Spectra and Waveforms

The good quality CW waveform in Fig. 7(b) is possible only
because very high suppression of unwanted optical lines can be
achieved. Even very slightly unsuppressed lines may introduce
significant distortions, as shown in Fig. 8. Here, two spectral
lines are selected, and one of them is intensity controlled with
variable suppression ratio from 39 dB (shown in Fig. 7) to
0 dB. As little as a 29-dB lower unsuppressed spectral line
distorts the “CW” waveforms visibly, in which the dots are mea-
sured results from the sampling scope and the solid curves are
calculations based on two spectral lines (e.g., one desired and
one partially suppressed). On the other hand, when the ratios of
the two spectral lines approach 0 dB, the waveform changes are
relatively small. The calculations and measurements (average
of 20 times sampling scope traces) agree well with each other.
The minima of the measured waveforms are higher than cal-
culations, which is likely caused by the noise from the optical
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Fig. 8. Effects of suppression ratio on the waveforms. The suppression ratios
are (a) �29 dB, (b) �18 dB, (c) �10 dB, (d) �6 dB, (e) �3 dB, and (f) 0 dB.
Circles in the waveforms are measured data while the lines are calculated ideal
cosine waveforms. Spectra in (a)–(c) are log scale and spectra in (d)–(f) are
linear scale.

amplifier because the incoherent noise increases the background
level of the waveforms.

To understand these results, consider the field of two lines in
the frequency domain, which can be expressed as

(1)

where represents the impulse function, and represent the
relative intensity and phase between the two spectral lines, and

is the frequency spacing between two lines. The baseband
frequency , where is optical frequency of spectral
line and is some carrier frequency. In the time domain, the
intensity profile can be obtained by Fourier transform as

(2)

It is a cosine waveform with dc offset as expected. The ratio
between the peak-to-peak and mean value of the waveform is

, as shown in Fig. 9. When is small, the ratio
is proportional to , which suggests that a single 20-dB
unsuppressed line will cause 40% variation on the waveform.
When is close to 0 dB, this ratio becomes saturated. The above
analysis satisfactorily explains the results in Fig. 8.

The key point is that extremely strong suppression of adja-
cent lines is required to extract a time-independent CW field
from the mode-locked comb. This, in turn, suggests the need
for pulse-shaper spectral resolution much more than the spectral

Fig. 9. Correlation between optical spectra and waveforms for two spectral
lines.

line spacing. Similar considerations are likely to prove at least
equally important in line-by-line pulse shaping for the genera-
tion of more complex waveforms made up of a multiplicity of
lines.

H. Correlation Between Optical Spectra and RF Spectra

In the single spectral line-filtering experiment shown in
Fig. 7, the unsuppressed line is buried in the noise background
of optical spectrum. A more sensitive approach to monitor
the suppression ratio is to measure the RF spectrum after O/E
conversion. By comparing the dc and the first harmonic of the
RF spectrum, further information about the optical spectrum
(such as the suppression ratio) can be deduced. This prompts
us to investigate the correlation between optical spectra and
RF spectra. For experimental convenience, the first and second
harmonics in the RF spectrum are compared, but the principle
can be applied to all other harmonics and to dc.

Fig. 10(a) shows a set of three selected spectral lines with
identical spectral phases and the corresponding calculated and
measured RF spectra (single-sided power spectra). The relative
intensities of these three lines are not intentionally controlled
but rather are set arbitrarily to show the general correlation be-
tween optical and RF spectra. These three lines have identical
phases directly after phase-modulated CW (i.e., no additional
spectral phase applied from the LCM). Since there are three
spectral lines, only dc and the first and second harmonics appear
in the RF spectrum. The RF spectrum can be calculated based
on the intensity and phase information of the optical spectrum
by the procedure shown in (3), at the bottom of the following
page, where is the optical spectrum, is optical spec-
tral phase, is the signal after O/E conversion, is the
Fourier transform of , and is the RF power spec-
trum. In our calculation, the spectral line intensities are mea-
sured values from OSA, and the three selected spectral lines
have identical spectral phases directly after the phase-modulated
CW. The agreement between calculation and measurement is
good. The small discrepancies are mainly caused by the 1-dB
variations in the frequency response of the photodiode (which
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Fig. 10. Correlation between optical spectra and RF spectra for three spectral lines. (a) Three lines with identical phases. (b) Three lines with one line
�-phase-shifted.

Fig. 11. Correlation between optical spectra and RF spectra for three spectral lines with identical phases, where the two outside lines are controlled to have equal
intensity. (a) The center line is higher than the outside lines. (b) The center line is lower than the outside lines. (c) RF spectra contrast ratio versus optical spectra
contrast ratio.

are not considered) and the possible contributions from imper-
fect suppression ratio for spectral lines other than those three
selected. Fig. 10(b) shows the results for three lines with sim-
ilar intensities but one line –phase-shifted under LCM control.
The RF spectrum changes significantly, and the first and second
harmonics have almost equal powers. Again, agreement with
calculations is good. This shows the possibility to synthesize
the RF spectrum by line-by-line pulse shaping on the intensity
and phase of optical spectrum.

If we still select three lines but control the outside two lines to
have equal intensity, we have the results shown in Fig. 11(a), with
the center line higher than the outside linesand, in Fig. 11(b). with
the center line lower than the outside lines. To simplify the study,
we only focus on the case in which these three lines have identical
phases. Assuming that the ratio of the optical power spectral
density between each of the outside lines and the center line is ,
the field of three lines with identical phases can be expressed as

(4)

After simple calculation using the procedure shown in (3), the
ratio of RF spectrum between the first and second harmonics
is . This relationship is confirmed as shown in Fig. 11(c)

by scanning the ratio of optical spectral line intensities
by programming the pulse shaper for intensity control. Note
that, since only ratios (or relative intensities) are measured in
Fig. 11(c), no adjustable parameters are needed in the theory to
fit the measurements.

Similarly, the ratio of RF spectrum between dc and first har-
monic can be calculated as , which reduces to

when the outside lines are weak. Based on this analysis,
the 45-dB contrast ratio between dc and the first harmonic of
RF spectrum in Fig. 7 suggests as much as a 54-dB suppression
ratio in the optical spectrum assuming there are two equal un-
suppressed lines with the same phase around the single desired
line. Note that, in Fig. 7, the center line has a phase shift rel-
ative to the two outside lines (which are not seen because they
are buried in the noise), but the conclusion drawn here does not
change. Alternatively, if there is only one strong unsuppressed
line in Fig. 7, as described by (1), the ratio of the RF spectrum be-
tween dc and first harmonic can be calculated as ,
which reduces to when the single unsuppressed line is
small. Under this assumption, the 45-dB contrast ratio between
dc and the first harmonic of the RF spectrum in Fig. 7 suggests
as much as a 48-dB suppression ratio in the optical spectrum
assuming that there is only one strong unsuppressed line.

(3)
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Fig. 12. Two selected spectral lines are controlled to be separated by: (a) 1� 9 GHz, (b) 2� 9 GHz, (c) 3� 9 GHz, (d) 4� 9 GHz, (e) 5� 9 GHz, (f) 6� 9 GHz,
and (g) 7� 9 GHz. The corresponding microwave signals are generated after O/E conversion using a 50-GHz photodiode. RF spectra are measured for (a)–(e) to
show the harmonics suppression.

I. Microwave Waveform Synthesis

Here, we select two lines with different separations to beat
for microwave waveform synthesis, as shown in Fig. 12. The
waveforms are generated after optoelectro conversion using
a 50-GHz photodiode, where 9-, 18-, 27-, 36-, 45-, 54-, and
63-GHz waveforms are shown. The undesired spectral lines
are well suppressed (e.g., higher than 34-dB suppression ratio,
limited by the noise floor of the optical spectra measurements),
making high-purity microwave generation possible. The RF
spectra measurements (up to 45-GHz waveform) show the

harmonic suppression from 43 to 32 dB, depending on the
frequencies of waveforms. Using a similar procedure as in
Section II-H and (3), the optical spectra suppression ratio can
be estimated from the harmonic suppression of the RF spec-
trum, under certain assumptions. For example, in Fig. 12(a),
assuming that there are two equal unsuppressed lines around
the two equal selected lines and that all of them have identical
phases, the 43-dB RF harmonic suppression ratio suggests
52-dB suppression ratio in the optical spectrum. Note that
other assumptions (for example, unequal unsuppressed lines or
nonidentical phases) will yield somewhat different estimates.
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Fig. 13. Two selected spectral lines are separated by (a) 10 GHz and
(b) 13.5 GHz by changing the RF driving frequencies accordingly.

The noise of the waveforms increases with the frequency of
synthesized waveforms. This can be explained by noting that
two selected lines with larger separation have smaller powers
and thus suffer from more noise from optical amplifier.

Only 9 GHz and its harmonics waveforms are synthesized in
Fig. 12. Other frequencies and their harmonics can be readily
generated by tuning the driving frequency to the modulator. For
example, Fig. 13 shows two waveforms at 10.0 and 13.5 GHz
by driving the phase modulator appropriately and selecting
two lines. In this way, almost any frequency supported by the
bandwidth of the generated spectral lines can be synthesized
using RF driving electronics tunable only over a relatively
narrow range about GHz. Optically generated microwave
signals have the potential to impact fields such as ultra-wide-
band (UWB) wireless communications, impulsive radar, and
radio-over-fiber.

III. CONCLUSION

We have demonstrated optical processing based on spectral
line-by-line pulse shaping on a phase-modulated CW laser.
We have shown various processing functions including CW-to-
pulse conversion, width- and wavelength-tunable RZ pulse gen-
eration, pulse-to-CW conversion, wavelength conversion, and
microwave signal generation. We also quantitatively studied the
correlations between optical spectra, time-domain waveforms,
and RF spectra. These studies clearly reveal the critical need for
very high suppression of unwanted frequencies in line-by-line
shaping. Phase modulation of a CW source provides a simple
but very flexible approach to generate spectral lines with rea-
sonably good stability for line-by-line pulse shaping.
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