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Abstract—We present an innovative photonic strategy to gener-
ate arbitrary microwave and millimeter-wave signals with maximal
time-bandwidth product capability and broadly tunable center fre-
quency. The proposed approach incorporates high-resolution pulse
shaping, optical interferometry, and the concept of frequency-to-
time mapping in order to enable independent control over the tem-
poral amplitude, temporal phase, and center frequency of the gen-
erated waveforms. Numerical simulation and experimental results
validate that the time-bandwidth product of these pulses is equal
to the upper bound set by the number of independent pulse shaper
control elements, extending to more than twice that of conventional
frequency-to-time mapping techniques. We thus demonstrate a
record photonic arbitrary waveform generation time-bandwidth
product of �589. Also, a length 15 Costas sequence realization is
implemented to further portray the potentials of this technique.
Detailed analysis of the repeatability and stability of these wave-
forms as well as higher order dispersion compensation is provided.

Index Terms—Microwave generation, millimeter-wave genera-
tion, optical pulse shaping, radio frequency photonics.

I. INTRODUCTION

DURING the last couple of decades, the ongoing challenge
of radio-frequency arbitrary waveform generation (RF-

AWG) in the high-microwave and millimeter-wave (MMW)
frequency region has impeded the satisfactory development of
many applications within this regime. As a result of the over-
congestion of low-frequency bands, successful access to the
broad frequency region between 30 and 300 GHz is a fundamen-
tal prerequisite in the evolution of a large number of applications,
such as high-resolution ranging, electromagnetic imaging, re-
mote sensing and high-speed wireless communications [1]–[5].

Due to the practical limits associated with digital-to-analog
converters, the current state-of-the-art electronic RF-AWG tech-
nology is confined to waveforms within and below the mi-
crowave frequency range. Electronic solutions also suffer from
the viewpoint of timing jitter, electromagnetic interference
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(EMI) and bulkiness. RF-photonic strategies, however, owing
to their inherent broadband nature, have proven to be more at-
tractive for microwave (μ-wave), MMW and even sub-Terahertz
(sub-THz) generation [6]–[10] with very high signal fidelity.

Many RF-photonic schemes have been developed to generate
a wide variety of desirable RF waveforms at high frequencies
[10]–[22]. For example, chirped MMW pulse generation has
drawn a great deal of research attention in the RF-photonics
community [16]–[19]. The key advantage of many of these
methods is their ability to generate chirped waveforms with
ultra-wide bandwidths across high center frequencies. Another
example of RF-photonic waveform generation is the ability to
construct frequency-hopped microwave pulses with indefinite
record lengths by exploiting the ultrafast switching capability
and optical pulse shaping resources available in photonics [20],
[21].

Other techniques, on the other hand, are not only aimed at
generating specific classes of waveforms, but target the pos-
sibility of creating programmable RF waveforms [11]–[15],
[20]–[22]. These RF-photonic arbitrary waveform generation
schemes allow the user to define, in a reconfigurable manner,
any desired RF waveform that could be employed in various
applications. Among the many photonic RF-AWG techniques,
those relying on optical pulse shaping [23], [24] and the concept
of frequency-to-time mapping (FTM) offer better performance
in terms of signal fidelity and reconfigurability [12]–[15]. In
these techniques, the spectrum of an ultrashort laser pulse is
manipulated using various optical pulse shaping configurations.
This tailored spectrum is then mapped to the time domain by
stretching the optical pulses through a dispersive medium, re-
sulting in a programmable optical intensity profile. The resultant
optical intensity can be easily mapped to the RF domain using
a high-speed photodetector.

In many applications the ability to generate wideband signals
that extend over a long-enough temporal duration is of key im-
portance. This is why most research in the area of RF-AWG
has been aimed at the generation of programmable signals ex-
hibiting large time-bandwidth product (TBWP) values [10]. For
example, from the point of view of MMW imaging, the key
figure-of-merit in evaluating a chirped MMW waveform is its
compression ratio, which determines the achievable imaging
resolution. This compression ratio is directly proportional to
the time-bandwidth product of the utilized chirped signal, i.e.,
the product of the MMW bandwidth and time duration of the
sensing pulse.
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Fig. 1. Basic system configuration schematic.

One main weakness of current photonic RF-AWG technology
is the baseband nature of these techniques, which creates some
implications in terms of TBWP. Although recent advances have
demonstrated an impressive ability to generate arbitrary wave-
forms spanning DC to 41 GHz with a TBWP of �280 [22],
in high-frequency passband scenarios, these schemes tend to
fall quite short of their maximum achievable performance char-
acteristics. Also, as will be discussed later, even in baseband
settings, the maximum achievable TBWP values are only half
of the capability provided by the photonic infrastructure, i.e., the
number of resolvable optical pulse shaper resolution elements
[22].

In this paper, we present a novel scheme for photonic genera-
tion of arbitrary microwave and MMW pulses based on optical
interferometry, pulse shaping and frequency-to-time mapping.
Our interferometric shaping design easily enables independent
control over the arbitrary center frequency, temporal amplitude
and temporal phase of the generated waveform. We also ver-
ify the ability to successfully achieve the upper-bound time-
bandwidth product capability from our setup, regardless of the
center frequency of the desired waveform. In-depth theoretical
analysis and numerical simulations are accompanied by exper-
imental results for two favorable classes of waveforms; namely
ultra-wideband continuous frequency-chirped pulses and wide-
band frequency-hopped spread spectrum sequences.

II. THEORETICAL ANALYSIS

The basic schematic of our proposed technique is depicted in
Fig. 1. The system consists of a short-pulse mode-locked (ML)
laser, an interferometric pulse shaping subsystem, a quadratic
dispersive element, and a high speed photodetector (PD). The
interferometric shaping subsystem is composed of an optical
pulse shaper and a polarization controller (PC) in one arm;
as well as a variable delay line (VDL) and a variable optical
attenuator (VOA) in the other. In Fig. 1, aML (t) denotes the
complex temporal envelope function of the short optical pulses
created within the ML laser cavity. For the sake of theoretical
analysis, we assume a flat optical spectrum for these pulses
spanning an optical bandwidth of B about the center frequency
ω0 in radians per second. Thus, the Fourier representation of the
ML pulses is expressed as AML (ω̃). Note that we use the symbol
ω̃ = ω − ω0 for frequency in rad/s to emphasize that AML (ω̃)
is a the complex spectral envelope function corresponding to
aML (t).

Upon arrival at the optical interferometer, the wideband pulses
from the ML laser are equally split into two arms using a 50–50

optical splitter. The high-resolution pulse shaper then imparts
a programmable transfer function (independently in amplitude
and phase) onto the pulses travelling across the top arm; while
the other arm merely delays the signals that traverse through
it. The PC and VOA are employed in the general design only
to ensure perfect matching of the polarization state and optical
power of the pulses travelling through the two interfering arms.
Therefore, without any loss of generality we can neglect these
components’ effects in mathematical evaluations.

According to the above explanations, we can express the
Fourier transform of the signals in Fig. 1 as

Ashaped (ω̃) ∝ AML (ω̃) .H (ω̃) (1a)

Ain (ω̃) ∝ Ashaped (ω̃) + AML (ω̃) . e−jωτ

∝
(
H (ω̃) + e−j (ω̃+ω0 )τ

)
(1b)

where τ is the delay applied using VDL and H (ω̃) is the shaper’s
programmable transfer function. To be completely general, we
must keep in mind that ω̃ ∈ [−B/2, B/2].

At this point, the spectrum of the optical waveform has
been appropriately shaped via the programmable interferomet-
ric shaper, resulting in a field which we denote by its complex
envelope ain (t). In order to map this arbitrariness to the time
domain, frequency-to-time mapping (FTM) can be effectively
utilized. FTM is implemented via the introduction of a purely
quadratic dispersive element subsequent to the interferomet-
ric shaping subsystem. Mathematically, the transformation of a
pulse passing a medium with first-order chromatic dispersion
(ψ2) can be expressed by the Fresnel integral as follows:

aout (t) ∝ e
−j

(
t 2

2 ψ 2

) ∫

σ in

ain (t′) e
−j

(
t ′2

2 ψ 2

)
e
j
(

t t ′
ψ 2

)
dt′ (2)

where the integral is computed over the time aperture σin of the
signal ain (t) to derive aout (t) from Fig. 1.

When the amount of dispersion is sufficient such that
σ2

in/2 |ψ2 | � π, the far-field limit is satisfied [25], [26] and
the quadratic phase factor exp

(
−jt′2/2ψ2

)
in the integral in

(2) may be neglected. In this limit the target RF waveform’s in-
tensity is simply a scaled replica of the optical power spectrum,
i.e.,

|aout (t)|2 ∝
∣∣∣∣Ain

(
ω̃ =

−t

ψ2

)∣∣∣∣
2

(3)

However, satisfying the far-field condition in our setup is
not as trivial as it seems, since as a result of the delay τ , the
signal ain (t) now may potentially have a larger time aperture
as compared to ashaped (t). To take into account this hidden,
but critically important consideration in our calculations, we
expand (2) in terms of its components, ashaped (t) and aML (t),
as follows

aout (t) ∝ e
−j

(
t 2

2 ψ 2

)
×

{ ∫
ashaped (t′) e

−j
(

t ′2
2 ψ 2

)
e
j
(

t t ′
ψ 2

)
dt′

+
∫

aML (t′ − τ) e
−j

(
t ′2

2 ψ 2

)
e
j
(

t t ′
ψ 2

)
dt′

}
(4)
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Through (4), one can see that by choosing ψ2 large enough to
satisfy the far-field limit for ashaped (t), the quadratic phase term
is eliminated only from the first integral; whereas the require-
ment for the second integral appears to be more demanding and
apparently dependent on the delay variable, τ . With a change of
variables and after reorganizing the phase terms, we can express
the second integral in (4) as

∫
aML (t′ − τ) e

−j
(

t ′2
2 ψ 2

)
e
j
(

t t ′
ψ 2

)
dt′

= e
−j

(
τ 2

2 ψ 2

)
e
j
(

t τ
ψ 2

) ∫

σM L

aML (t′) ej t t ′
ψ 2 e−j

(t ′+ 2 τ )t ′
2 ψ 2 dt′ (5)

where σML is the time aperture of the extremely short optical
pulses, which is on the order of a hundred femtoseconds in our
experiments. Using a similar argument to that of the far-field
condition [25], [26], the last phase term in the integral in (5) can
be ignored assuming that

∣∣∣∣
σML (2τ + σML)

2 |ψ2 |

∣∣∣∣ �
∣∣∣∣
τσML

ψ2

∣∣∣∣ � π (6)

Later, through our numerical and experimental results, we
show that for generating waveforms in the MMW, microwave
and sub-THz regions, τ is required to take on values from a few
tens to hundreds of picoseconds and more, which justifies the
approximation |τ | � σML � 0.1 ps in (6).

Assuming (6) is satisfied, the last phase term in the integral
in (5) is negligible, and we have

∫

aM L

(t′ − τ) e
−j

(
t ′2

2 ψ 2

)
e
j
(

t t ′
ψ 2

)
dt′

� e
−j

(
τ 2

2 ψ 2

)
e
j
(

t τ
ψ 2

) ∫

σM L

aML (t′) ej t t ′
ψ 2 dt′

= e
−j

(
τ 2

2 ψ 2

)
. e

j
(

t τ
ψ 2

)
. AML

(
ω̃ =

−t

ψ2

)
(7)

From (4) and (7), when both the far-field condition for
ashaped (t) and the requirement in (6) are fulfilled, we have

|aout (t)|2 ∝
∣∣∣∣Ashaped

(
ω̃ =

−t

ψ2

)
+ e

−j
(

τ 2
2 ψ 2

)

. e
j
(

t τ
ψ 2

)
. AML

(
ω̃ =

−t

ψ2

) ∣∣∣∣
2

(8)

We prove later in this section that the constraint in (6) is inde-
pendent of, and thus not contradictory to, the far field condition
for ashaped (t), and is always satisfied for waveforms up to the
sub-THz frequency regime.

With these assumptions in mind, by substituting (1a) in (8),
the following equation describes the photodetected current.

iPD (t) ∝ |aout (t)|2 ∝ 1 +
∣∣∣∣H

(
−t

ψ2

)∣∣∣∣
2

+ 2
∣∣∣∣H

(
−t

ψ2

)∣∣∣∣ . cos
(

tτ

ψ2
− ∠H

(
−t

ψ2

)
+ φ0

)
(9)

where φ0 = −τ 2/2ψ2 is just a constant phase term.

Note that in (9), we have dropped the |AML (ω̃)| terms, ow-
ing to the fact that the original spectrum is flat and frequency
independent. Also, H (ω̃) is decomposed into its independent
phase and amplitude terms using the corresponding symbols.

The current flowing through the PD can be decomposed into
two individual terms; a positive baseband component, namely
1 + |H(−t

ψ2
)|2 , and a programmable passband component de-

scribed as

ides (t) ∝
∣∣∣∣H

(
−t

ψ2

)∣∣∣∣ . cos
(

tτ

ψ2
− ∠H

(
−t

ψ2

)
+ φ0

)
(10)

The shorthand notation ides (t) is employed to emphasize that
this component of the PD current is the desired signal and will
be the main focus of this paper hereon in.

Equation (10) demonstrates the ability of the proposed
scheme to independently control the temporal amplitude, tem-
poral phase and center frequency of ides (t) through the pulse
shaper amplitude, pulse shaper phase and the applied delay us-
ing VDL, respectively. To be more specific, we have

Temporal Amplitude ∝
∣∣∣∣H

(
−t

ψ2

)∣∣∣∣ (11a)

Temporal Phase =
tτ

ψ2
− ∠H

(
−t

ψ2

)
+ φ0 rad (11b)

Center Frequency = fc =
∣∣∣∣

τ

2πψ2

∣∣∣∣ Hz (11c)

The above three equations clearly show the simplicity of
the described RF-arbitrary waveform generation (RF-AWG)
method. At the far-field limit, for a fixed value of dispersion,
setting the appropriate value for τ enables extremely wide-range
center frequency tuning, while manipulating the phase and am-
plitude function of the pulse shaper enables independent control
over the arbitrary amplitude and phase function of the generated
signal.

At this point we are also able to present a clear proof regarding
the satisfaction of (6). According to (11c), we can express τ in
terms of the desired center frequency (fc ) and the dispersion
amount (ψ2). This can be substituted in (6) and after some
cancellations, the statement is changed to

2fcσML � 1 (12)

It is clear from (12) that this requirement is independent of
ψ2 and is only governed by fc . As a result, this constraint and
the far-field condition can be simultaneously satisfied. Also, for
σML � 0.1 ps, center frequency values up to 500 GHz are still
within the boundaries of (12), facilitating access to high-fidelity
μ-wave, MMW and sub-THz RF-AWG territory.

Moreover, this is the first design to our knowledge that
successfully engineers programmable RF waveforms with
time-bandwidth products equal to the upper bound given by the
number of spectrally resolved pulse shaper control elements
(“resolution elements” in the following). This is a direct result
of creating the center frequency fringes of the desired signal
using optical interferometry, which liberates the pulse shaper
to devote all of its resolution elements solely to passband
modulation features.
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Fig. 2. Cartoon representation of pulse shaper resolution elements for gener-
ating the fastest possible oscillations using conventional (baseband) FTM-based
RF-AWG.

As we now briefly explain, this is in contrast to conven-
tional FTM-based RF-AWG schemes [12]–[15], [22], which are
limited to time-bandwidth products equal to only half of this
value. Conventional schemes are inherently baseband, meaning
that the maximum achievable bandwidth (and hence TBWP)
is equal to the fastest frequency oscillations that can be gener-
ated using these schemes. Since these techniques are based on
amplitude-only spectral shaping, to create the fastest possible
sinusoidal cycle, one must consume at least two pulse shaper
resolution elements (one for the positive half-cycle and one for
the negative half-cycle). A simple depiction of this is provided
in Fig. 2, showing the target optical spectrum and corresponding
function programmed onto the pulse shaper. As a result, after
FTM, the maximum achievable frequency, fmax in Hz, is

fmax � 1
2δω × |ψ2 |

(13)

where δω denotes the frequency sweep across the width of one
pulse shaper resolution element in rad/s.

Also, the RF waveform’s temporal duration, ΔTRF , is

ΔTRF = B × |ψ2 | = Nδω × |ψ2 | (14)

where B is the pulse shaper operational bandwidth and N is the
total number of resolution elements. Equations (13) and (14)
give the TBWP of conventional FTM-based RF-AWG as

TBWP = ΔTRF × BWRF � ΔTRF × fmax =
N

2
(15)

where BWRF is the RF bandwidth of the generated pulse.
Thus, (15) clearly shows that for baseband RF-AWG schemes,

the TBWP is capped at half the number of pulse shaper reso-
lution elements, and one cannot use the full N degrees of free-
dom provided by the pulse shaper. In the next sections, we show
that our proposed interferometric RF-AWG scheme can actually
achieve TBWP values in the proximity of this limit (N ), which
can be considered as an upper-bound for all photonic-assisted
RF arbitrary waveform generation.

III. NUMERICAL SIMULATION

In order to accompany the mathematical evaluations, appro-
priate numerical analysis, incorporating the Fresnel integral, is

presented in this section. Here, the main concentration is di-
rected toward two classes of interesting waveforms: specifically
ultra-wideband continuous frequency- chirped electrical pulses;
as well as wideband frequency- hopped spread spectrum (FHSS)
sequences. To match our experimental apparatus, we have as-
sumed that the ML laser covers the full optical C-band (5 THz
bandwidth); the pulse-shaper also spans the C-band with 10 GHz
spectral resolution and 1 GHz addressability; and �25 km of
single-mode fiber (SMF) acts as the quadratic dispersive ele-
ment with dispersion value 393.6 ps/nm (i.e., ψ2 = −501.67
ps2).

Note that here we distinguish between resolution and address-
ability: addressability refers to the frequency sweep across indi-
vidual spatial light modulator pixels, whereas resolution refers
to the minimum feature size that can be imprinted onto the output
spectrum, limited by the finite optical spot size at the spatial light
modulator plane. In all simulations, the smooth phase and am-
plitude functions are represented as stair-step waveforms with
1 GHz steps (matching the 1 GHz addressability of the physical
device); these are then convolved with a 10 GHz Gaussian to
account for the finite spectral resolution, using eq. (8.34) from
[27].

A. Ultra-Wideband Continuous Frequency-Chirps

Generating microwave and millimeter wave continuous
frequency-chirped pulses is desirable for high-resolution radar
and sensing systems as well as other applications like biomedi-
cal imaging and physical chemistry [1]–[4]. Chirped pulses not
only have the advantage of high temporal resolution similar
to ultrashort electrical pulses, but they also avoid many design
issues like saturation and amplifier nonlinearity at the transmit-
ter end. This is why the generation of this class of waveforms,
specifically ultra-wideband linear frequency-chirps, has been an
attractive research topic for various groups working on signal
design [16]–[19].

In the first simulation, we study the generation of an ultra-
wideband linear frequency-chirped pulse across a desired center
frequency using our introduced technique. We aim to attain sig-
nals with the best possible compression ratio (i.e., the most
compressed autocorrelation), which is directly proportional to
the TBWP criterion of the generated waveform. Fig. 3 shows
the temporal and spectral representations for a simulated exam-
ple. The delay variable is set to τ = 189 ps to realize a center
frequency of fc = 60 GHz, while a spectral phase function of
∠H (ω̃) = 2e−24 ω̃2 rad is programmed onto the pulse shaper.

The instantaneous frequency information in Fig. 3(a) is de-
fined based on the following definition

finst (t) =
1
2π

d

dt
φRF (t) (16)

where φRF (t) is the temporal phase function of the generated
RF waveform, corresponding to (11b) in radians and finst (t) has
units of inverse seconds (or Hz). It is clear from the instantaneous
frequency plot of Fig. 3(a) that the generated signal is a smooth
constant-amplitude linear downchirp. This matches perfectly
with our expectations, since from (11b) the temporal frequency
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Fig. 3. Ultra-wideband linear frequency downchirp simulation result. (a) DC-
blocked temporal waveform ides and instantaneous frequency. (b) Power spec-
trum of photodetected waveform iPD .

of the desired waveform is proportional to the derivative of the
applied pulse shaper phase function.

It is necessary to note that the applied phase function is con-
strained by the finite spectral resolution, as explained in [27].
The finite spectral resolution results in a phase-to-amplitude
conversion effect, which introduces an attenuation that becomes
important when the spectral phase varies too rapidly (hence
when the target RF frequency offset becomes too large). In the
simulation reported here, we chose a quadratic phase function
resulting in a maximum phase jump of π/8 for adjacent 1 GHz-
spaced addressable pixels, corresponding to 5π/4 variation per
10 GHz resolution element. This value matches that used in our
experiment reported below in Section IV and is selected based
on the amount of amplitude attenuation we could practically
tolerate and still be able to flatten out (equalize) the spectrum
and then amplify back to adequate power levels at acceptable
signal-to-noise. The equalization step is performed using the
same pulse shaper by taking advantage of its programmable
amplitude, which (aside from spectral resolution constraints)
can be programmed independently of phase. In simulating this
equalization, the shaper addressability and resolution are ac-
counted for in the same way as described before.

From Fig. 3, the resultant photodetected signal has a time
duration of 15.75 ns and a 3 dB bandwidth of 38 GHz, mak-
ing the TBWP of the simulated linear frequency-chirped pulse
598.5. This value is, as expected, in the proximity of the maxi-

TABLE I
LENGTH 15 COSTAS SEQUENCE

Frequency Hop Sequence Ordering

4, −3, 3, −5, −4, 0∗, −2, −6, 1, 6, 5, 7, 2, −1, −7

∗Zero denotes no frequency shift.

mum achievable TBWP using the aforementioned pulse shaper
resolution (5 THz bandwidth divided by 10 GHz resolution
yields 500 resolvable elements). The precise value of achievable
TBWP depends on the amount of phase-to-amplitude conver-
sion one is willing to accept in the experimental implementation.

These simulation results support our claim that the proposed
interferometric scheme should provide TBWP twice that of what
can be realized using conventional FTM methods [12]–[15]. The
interferometric scheme provides further advantage for passband
signals. This is due to the fact that, as elaborated in the previous
section, for conventional, baseband FTM-based RF-AWG, the
maximum TBWP is only achieved for a signal spanning from dc
to the highest frequency generated. So, if one aims to generate
a passband signal, quite a lot of TBWP will be sacrificed. To be
more clear, in the case of the target signal spanning from 41 to
79 GHz (the result of our simulation in Fig. 3), the maximum
TBWP that baseband FTM methods can achieve is roughly

500
2

× 38 GHz
79 GHz

� 120.25 (17)

Therefore, in this specific example our proposed method
achieves nearly 5 times more TBWP in comparison with
baseband FTM-based RF-AWG schemes, including near field
frequency-to-time mapping [22].

B. Wideband Frequency-Hopped Spread Spectrum Sequence

Another very interesting set of waveforms with applications
in radar engineering, imaging and communications are FHSS se-
quences. A criterion often used for evaluating the compression
performance of FHSS sequences is the auto-ambiguity func-
tion [28]. This function not only measures the compression
of a pulse in the time domain (corresponding to range), but
also in frequency (corresponding to Doppler). The advantage of
wideband implementation of these signals using our technique
is that we allow the user to effortlessly design the range and
velocity resolution within a wide span of values without any
significant setup modification.

In this work we have chosen an FHSS sequence from a
family of sequences proven to have optimal (thumbtack) auto-
ambiguity compression. These frequency-coded signals are
called Costas sequences and have a broad extent of applica-
tions in high-resolution ranging, detection and synchronization
[28], [29]. Here, a Costas sequence of length 15 and funda-
mental frequency of 1 GHz is created about a 30 GHz carrier
frequency. This corresponds to programming a piecewise linear
phase on the pulse shaper and setting τ equal to 94.5 ps. The
harmonic ordering for this sequence is tabulated in Table I.
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Fig. 4. Wideband Costas sequence simulation result - dc-blocked temporal
waveform ides and instantaneous frequency.

Fig. 4 illustrates the Costas sequence simulation results. Clear
transitions in temporal frequency are observed about the 30 GHz
frequency range. A practically flat amplitude is also visible for
this signal, although it should be noted that the slight ampli-
tude overshoots at the transitions are due to the finite resolution
of the pulse shaper, which has been taken into account in all
simulations.

IV. EXPERIMENTS AND RESULTS

In order to realize our proposed scheme experimentally, the
system configuration should be enhanced to incorporate issues
like power handling, stabilization, polarization matching, dis-
persion compensation, and noise reduction. Fig. 5 shows the re-
sultant detailed experimental setup. The signal generation path
is illustrated from left to right, starting at an erbium-doped fiber
ring mode-locked laser and ending at a high-speed photodetec-
tor. The ML laser has a repetition rate of �53 MHz and spans
1520 to 1610 nm. In order to match the bandwidth to that of
the pulse shaper, we added a home-made optical bandpass filter
to sift out only the C-band (5 THz optical bandwidth) from the
mode-locked laser output and flatten out the optical spectrum.
An erbium-doped fiber amplifier and a PC follow before pulses
enter the interferometric shaping subsystem.

The interferometric shaping subsystem is composed of po-
larization maintaining (PM) components so as to prevent polar-
ization drift and eliminate the need for polarization matching.
A commercial PM pulse shaper (Finisar 1000SP) with spectral
resolution of �10 GHz spanning the full optical C-band op-
erates as the means for arbitrary waveform generation. Also,
for stability purposes, a piezo-electric transducer (PZT) is im-
planted within the interferometer to act as an actively control-
lable fiber stretcher. The output pulses from the interferometric
shaping subsystem are stretched in �25 km of SMF (total dis-
persion of �393.6 ps/nm) and amplified again before beating
on a high-speed 50 GHz photodetector. All measurements are
made using a 70 GHz digital sampling oscilloscope with 50 Ω
input impedance.

The interferometer stabilization path flows from right to left
inside the same configuration (shown beneath the generation

path in Fig. 5). Details of the stabilization procedure and its
components are explained in the next section.

A. Experimental Setup Stabilization

Regardless of the application, an optical interferometer re-
quires modifications in order to enhance its stability against vi-
brations and relative temperature fluctuations between the two
arms. It is usually important to maintain a constant phase differ-
ence between the two interfering arms. From our point of view,
the main drawback of an unstable phase difference inside the
interferometer is the repeatability of the generated waveforms.
For instance, in spread spectrum settings, the compressibility
of a series of wideband chirped signals is of great importance.
This can be achieved using real-time or offline auto- and cross
correlation [28], [29]. If the created waveforms are consistently
repeatable, pulse compression can be implemented using only
one stored copy of the sequence. However, in the presence of an
unstable phase difference, either phase tracking must be imple-
mented via digital signal processing or every single sequence
element must be recorded, substantially increasing system com-
plexity.

To simply show this effect, we conducted an experiment on
our unstabilized setup. Over the period of 2 hours, we took 750
different measurement samples of the same linear frequency-
chirped waveform programmed using the proposed technique.
All of these waveforms span approximately 16 ns in time and
10–30 GHz in frequency. Fig. 6 shows the result of the overlaid
cross correlations between 4 different samples and a chosen ref-
erence from this measurement batch. The solid blue curve plots
the reference sample’s autocorrelation (illustrating compression
from 16 ns to less than 0.1 ns), while the other 3 plots corre-
spond to the various cross correlations. In theory, it is expected
that phase fluctuations between the two arms of our interferom-
eter translate into drift in the relative temporal phase between
each sample chirp. From the cross-correlation point of view,
this would lead to correlation peak displacement, attenuation,
distortion, and even flipped polarity, all of which are observ-
able from Fig. 6. It should be noted that although all of the
cross-correlation plots in Fig. 6 depict signal compression from
the original �16 to �0.1 ns, the fact that the correlation plots
are not matching introduces significant complications for most
applications.

In order to overcome issues arising due to unstable phase
fluctuations, we resort to a simple feedback stabilization tech-
nique [30]. As depicted in Fig. 5, an independent CW optical
wave, followed by a PC, is fed into the interferometer from
the opposite direction as a probing signal. By taking the oppo-
site propagation direction, we have effectively allow frequency
overlap between our CW signal and the mode-locked spectrum;
while at the same time avoiding the need for extra optical fil-
tering. The CW signal travels through the interferometer from
right to left and after coupling out of the 2 × 2 50-50 coupler
impinges on an ordinary photodetector. The bandwidth of this
PD is �1 GHz, which is more than adequate for detecting the
slowly varying phase fluctuations in our setup, which if not
compensated alter the photodetected intensity.
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Fig. 5. Detailed experimental setup.

Fig. 6. Cross-correlation plots of four sample linear chirps created in the
unstabilized setup with respect to a common reference.

Using appropriate electrical feedback components and the
piezo-electric fiber stretcher (PZT), we lock this intensity to
a constant value and thus accomplish interferometer stability.
With this improvement, we are able to stabilize the interferom-
eter and achieve repeatable waveform results without RF phase
drift, as shown in the following sections.

B. Ultra-Wideband Continuous Frequency-Chirp

In this section, we demonstrate waveforms similar to those
simulated in Section III-A, but reduced to fc = 25 GHz (corre-
sponding to a delay of roughly 78.75 ps) in view of the frequency
response of our photodetector. In order to create the linear chirp-
ing function, we apply the same phase-only function on the pulse
shaper, i.e., ∠H (ω̃) = 2e−24 ω̃2

Fig. 7 displays the temporal and spectral results for this exper-
iment. The dc-blocked signal - denoted by ides in our analytical
evaluations - is depicted in Fig. 7(a) alongside its instantaneous
frequency plot; while Fig. 7(b) shows the corresponding power
spectrum of the total photodetected waveform. In addition to
phase shaping, the pulse shaper is used to equalize the effect
of phase-to-amplitude conversion, explained earlier, as well as
spectral ripple present on the input laser and optical amplifier
nonuniformities across the spectrum. As a result the very flat
temporal amplitude observed in Fig. 7(a) is obtained. Such spec-
tral amplitude control can be further exploited for implementing
applications like windowing and sidelobe suppression [28].

Fig. 7. Ultra-wideband linear frequency downchirp experimental result. (a)
DC-blocked temporal waveform ides and instantaneous frequency. (b) Power
spectrum of photodetected waveform iPD .

We remark that, the slight curve in the instantaneous fre-
quency in Fig. 7(a) is due to higher-order dispersion (mainly
second) in the 25 km SMF and agrees with dispersion specifica-
tions of the fiber and experimental parameters published in [31].
We show in the next section that our scheme can also allow us
to compensate for this undesirable higher-order dispersion and
achieve a truly-linear downchirp.

From Fig. 7, the demonstrated waveform has a pulse duration
of �15.75 ns and a 3-dB bandwidth of �37.4 GHz, yielding a
total TBWP of �589. As anticipated, this number is in the vicin-
ity of the number of programmable spectral resolution elements
on the aforementioned pulse-shaper.

Next, we show the repeatability of these engineered wave-
forms. In order to do so, 750 samples of the generated waveform
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Fig. 8. Overlaid temporal representation of 750 different sample measure-
ments of the ultra-wideband linear frequency downchirp in Fig. 7 Zoomed-in
views at (a) higher frequency region (b) lower frequency region.

in Fig. 7 were taken once every 10 seconds over the time period
of approximately 2 hours. Fig. 8 displays the overlay of all the
different samples from this batch. The waveforms are so closely
similar that no distinction is apparent in a full scale view. Thus,
Figs. 8(a) and 7(b) each show a zoomed-in view at the higher
and lower frequency parts of these signals. Clearly, there are
only very minor temporal distinctions between various sample
waveforms. This leads to an average correlation coefficient [32]
of 99.31% over all the 750 sample signals, while without sta-
bilization, the correlation is extremely low due to the effects of
RF phase drift.

From the cross-correlation perspective, this repeatability is
even more evident since it shows that the still-existing minute
temporal dissimilarities between different sample waveforms
have insignificant effect when it comes to the compressibility
of the different signals. Fig. 9 contains cross-correlation plots
of all 750 waveforms with respect to a common reference. It is
evident from the indistinguishable curves in this figure that all
750 signals have been successfully compressed from �16 ns to
less than 30 ps and all correlation plots match the autocorrelation
of a single waveform very well. In other words, no distinct sign
of cross-correlation distortion, peak displacement, attenuation
or flipped polarity is witnessed.

Fig. 9. Overlaid cross-correlation plots of 750 different sample measurements
of the ultra-wideband linear frequency downchirp in Fig. 7 with respect to a
common reference.

We conclude this section by briefly comparing with examples
of previous research in programmable chirp generation. Refer-
ences [17], [18], which are also based on FTM, demonstrate
control over the center frequency and, to a certain extent, the
chirp-rate of linear frequency-chirped MMW pulses, but ex-
hibit TBWPs below 50. Another approach, based on beating
a rapidly tuned laser diode with a fixed frequency laser, pro-
vides extremely high TBWP values for linear/nonlinear chirp
generation [19]. However, because the frequency sweep of the
laser diode is not exactly repeatable, the repeatability of the gen-
erated chirp waveforms is compromised. Finally, we note that
all the aforem entioned techniques are aimed at chirped wave-
form generation and are not capable of RF arbitrary waveform
generation.

C. Higher-Order Dispersion Compensation

In the previous section we presented clear results regarding
repeatable frequency-chirped waveforms with large TBWP val-
ues. However, as observed from Fig. 7(a), these chirps were not
truly linear and did not agree 100% with our numerical analy-
sis. This is apparent in the slight curve in the instantaneous fre-
quency plot of Fig. 7(a). The main reason for this phenomenon
is the existence of higher order dispersion in our experimental
dispersive element block. In this section we show the capability
of our proposed RF-AWG configuration to compensate these
unwanted higher-order dispersion effects and experimentally
achieve truly linear frequency-chirps.

As we discussed in our theoretical analysis, perfect
frequency-to-time mapping requires the use of a purely first
order (quadratic phase) dispersive element. Nevertheless, since
we are utilizing regular SMF for FTM, it is also expected that
one observes the effect of a certain amount of higher order dis-
persion. Based on the specifications of the utilized fiber spool
as well as previous experimental analysis in our group on the
same fiber [31], we expect this higher order dispersive effect to
be dominated by second order (cubic phase) dispersion.

Fig. 10(a) shows the spectrogram plot of a sample waveform
generated from our setup without dispersion compensation, us-
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Fig. 10. Experimental spectrogram curve and numerical instantaneous fre-
quency of (a) uncompensated linear frequency chirp (b) dispersion compensated
truly-linear frequency chirp.

ing the following definition of spectrogram [27]

Se (f, τ) =
∣∣∣∣
∫ i

PD
(t) g (t − τ) e−j2πf tdt

∣∣∣∣
2

(18)

where the gate function, g(t), was chosen to be a Gaussian pulse
with 500 ps pulse duration.

Ideally, in the presence of purely first order dispersion, the
waveform is expected to exhibit precise linear frequency chirp-
ing behavior. The slightly arched chirping function of this wave-
form can be numerically calculated using the dispersion slope
parameter (only cubic spectral phase) of the SMF spool. This
expected instantaneous frequency curve is plotted on top of the
spectrogram, accompanied by its time-varying instantaneous
frequency function (time in ns and frequency in GHz). The
extreme resemblance of these two curves verifies that, in agree-
ment with our prior anticipations, the undesirable higher order
dispersion of our fiber spool is dominated by second order dis-
persion.

Fig. 10(b) shows the result of compensating for the second
order dispersion of the SMF spool as well as the numerical
results for instantaneous frequency. In order to accomplish this
dispersion compensation, an extra cubic phase was programmed
onto the pulse-shaper arm of our setup. This cubic phase was
chosen to exactly complement the cubic spectral phase due to
the second order dispersion of the SMF and ensure accurate
FTM after passing through. From Fig. 10(b), one can observe

Fig. 11. Applied unwrapped phase for Costas experiment and corresponding
frequency harmonics (actual phase applied to pulse shaper is modulo 2π).

that the quadratic temporal frequency term has been entirely
eliminated within the precision of our measurement. Moreover,
it should be noted that our compensation scheme is not limited
to residual cubic phase; our configuration allows compensation
of any higher order residual spectral phase function within the
spectral resolution limits of the pulse shaper.

D. Wideband Frequency-Hopped Spread Spectrum Sequence

In this experiment we show the possibility of utilizing the
proposed RF-AWG technique to generate Costas sequences.
Here, we specifically implement the length 15 Costas sequence
described in Section III-B and Table I.

In this test, the carrier frequency is set at fc = 10 GHz to
emphasize the tunability of the delay parameter in our setup and
allow better visualization of the results; while the fundamental
frequency of the sequence is 1 GHz to match the results from
simulation. In order to realize this sequence, we apply a piece-
wise linear phase function onto the pulse shaper, where the slope
of each section is proportional to each specific harmonic of the
Costas array. Of course, as mentioned in the previous section,
some minor phase compensation is necessary to precompensate
higher-order dispersion effects.

Fig. 11 shows the corresponding unwrapped phase function
applied to the pulse-shaper. It can be recognized from this fig-
ure, that at larger harmonic deviations, larger slope values must
be implemented. Due to the finite pulse shaper resolution, this
creates slight attenuation at high harmonics as a result of the
phase-to-amplitude conversion effect [27]. These slight attenu-
ations at high frequency deviations can be compensated for by
applying some attenuation (no more than 2 dB) at other opti-
cal frequency regions using the amplitude function of the same
pulse shaper.

Fig. 12 shows the generated 16 ns-long waveform for this ex-
periment. In Fig. 12(a), the sequence is overlaid with its instanta-
neous frequency plot versus time. An almost smooth amplitude
is distinctly visible, although as predicted, slight overshoots are
present at discontinuities in the pulse shaper phase function. It
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Fig. 12. Wideband Costas sequence experimental result. (a) DC-blocked tem-
poral waveform ides and instantaneous frequency. (b) Normalized contour plot
of auto-ambiguity function versus delay and Doppler.

is clear that the transitions are close to what we expect; spaced
out evenly in time and frequency.

To further show the performance characteristics of the gener-
ated Costas signal, its auto-ambiguity function was calculated
offline. Fig. 12(b) shows this normalized auto- ambiguity. This
function resembles the nice thumbtack ambiguity that is ex-
pected from the Costas sequence. The main lobe of the autoam-
biguity function has a full-width half-maximum (FWHM) of
�15 ps in delay and �36 MHz in Doppler. It must be noted
that the relatrively coarse Doppler resolution is as expected due
to the still small temporal duration of the signals implemented
[28], [29]. As a potential for future work, this RF-AWG tech-
nique can be combined with the waveform switching scheme
presented in [33] to increase the repeat-free temporal duration
of the generated signals from nanoseconds to microsecond and
even millisecond scale. This should enable much finer frequency
resolution, potentially below the kHz level, of interest for many
practical applications.

V. CONCLUSION

In conclusion, we have demonstrated a novel photonic radio-
frequency arbitrary waveform generation scheme. By use of
fine-resolution optical pulse shaping, optical interferometry,
and the concept of frequency-to-time mapping, our setup en-
ables independent control over the temporal amplitude, tem-
poral phase and center frequency of the generated waveform.

A time-bandwidth product of �589 is experimentally realized
using this setup, verifying successful achievement of the upper-
bound time-bandwidth product for photonic-assisted RF-AWG
schemes using the same resources. We further addressed prac-
tical issues such as waveform generation stability and repeata-
bility as well as higher-order dispersion compensation.
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