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Abstract

Linear sideband chirped (LSC) programming is introduced as a means of configuring spatial-spectral holographic

gratings for optical coherent transient processors. Similar to linear frequency chirped programming, LSC programming

allows the use of broadband integrated electro-optic phase modulators to produce chirps instead of using elaborate

broadband chirped lasers. This approach has several advantages including the ability to use a stabilized laser for the

optical carrier as well as stable, reproducible chirped optical signals when the modulator is driven digitally. Using LSC

programming, we experimentally demonstrate broadband true-time delay as a proof of principle for the optical control

of phased array radars. Here both cw phase modulated and binary phase shift keyed probe signals are true-time delayed

with bandwidths of 1 GHz and delay resolutions better than 60 ps:
r 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Since the conception of time-domain optical
programming of spatial-spectral holographic grat-
ings [1], also known as optical coherent transients
(OCTs), many applications have been proposed
that utilize the unique physical characteristics of
such gratings. Some of the more recent proposals
include systems for true-time delay (TTD) beam
steering of phased array radars [2], range-doppler
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correlators [3], high bandwidth RF spectrometers
[4], continuous optical correlators [5], and pulse
compression and arbitrary waveform generation
[6,7]. Spatial-spectral holography (SSH) utilizing
rare-earth ion-doped crystals (such as Tm3þ :
YAG) has the potential to reach bandwidths of
> 10 GHz with time-bandwidth products exceed-
ing 105: However, the practicality of SSH has been
questioned, as previous demonstrations have
either been low bandwidth [2] or have used
expensive picosecond lasers to create gratings [8].
In order to achieve practical operation, new

methods for programming efficient broadband
spatial-spectral gratings are needed that utilize
low-cost power-efficient laser systems, such as
diode lasers. New programming methods have
d.
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been developed, such as linear frequency chirped
(LFC) programming [9] and temporally over-
lapped frequency offset LFC programming [10].
High bandwidth chirped external cavity diode
lasers (CECDLs) have been developed [11–14] and
have been utilized with LFC programming ap-
proaches to create spectral gratings in excess of
2 GHz [15]. However, these lasers rely on internal
changes to the laser cavity to produce LFCs
and thus suffer problems with long-term stability
as well as chirp linearity. The stability and
precision of such lasers has been reported to be
B500 kHz over a 10 ms time scale [4]. To record
spectral gratings with features narrower than
500 kHz using accumulation programming meth-
ods [16–18], these CECDLs would need compli-
cated chirp stabilization circuits that have yet
to be developed.
In this paper, we discuss a different method for

creating an optically chirped source that does
not have the difficulties described above. This
approach linearly chirps the sidebands created
with a broadband phase modulator and we term
a chirp created in such a fashion as a linear
sideband chirp (LSC). By utilizing the temporally
overlapped frequency offset programming method
[10] in conjunction with LSCs spatial-spectral
gratings can be created. This programming
method utilizes broadband electro-optic phase
modulators along with a linearly chirped, digitally
created driving voltage. SSH gratings with band-
widths in excess of 1 GHz have been programmed
and probed with both cw phase modulated or
binary phase shift keyed (BPSK) probe signals.
The broadband TTD echo signals observed here
have specific importance to the practical imple-
mentation of > 1 GHz bandwidth phased array
radar systems.
2. Linear sideband chirps and spatial-spectral

grating creation

Broadband electro-optic phase modulators
(EOMs), driven by a voltage Vo cosð2pfmtÞ pro-
duce sidebands on an optical carrier spaced at
integer multiples of the modulation frequency, fm:
These sidebands can be linearly chirped from their
initial position by simply adding on the correct
time dependent phase term. Thus, for linearly
chirping sidebands the electric field of the modu-
lated optical signal is written

E ¼ Eo cosð2pflt þ b cosðpgt2 þ 2pfstÞÞ: ð1Þ

Here Eo is the field amplitude, fl is the unmodu-
lated laser frequency, fs is the start frequency at
t ¼ 0 for the first-order sidebands, b ¼ pVo=Vp

where Vp is the voltage required by the modulator
to produce a p phase shift, and g is the chirp rate
defined as g ¼ BW=tC; where BW is the band-
width for the chirp and tc is the chirp time. Eq. (1)
can be expanded in terms of Bessel functions as

E ¼Eo

XN
n¼�N

JnðbÞ cosð2pðfl � nfsÞt

þ pgt2 þ np=2Þ: ð2Þ

Written in this way, it is apparent that the electric
field is made up of many linearly chirping fields,
each with a start frequency with respect to the
carrier of nfs and a chirp rate of ng as well as the
n ¼ 0 optical carrier.
In order to examine the effect of such a

modulated optical excitation on an inhomogen-
eously broadened absorber, we used a Maxwell–
Bloch simulator that has been described elsewhere
[15]. Such a simulator can describe the Bloch
vector components for any time and frequency
detuning at various absorption lengths within the
medium. The top plot in Fig. 1 shows the r3
component of the Bloch vector for various
detunings at a time after completion of an LSC.
The r3 component gives the population difference
between the excited and ground state within the
medium. Here BW ¼ 20 GHz; fs ¼ 30 GHz; tc ¼
8 ns; b ¼ 1:2; aL ¼ 1:4; and the Rabi frequency is
O ¼ mEo=h ¼ 2:5 GHz; where m is the dipole
moment of the transition. From this figure, it is
apparent that LSC’s have some fundamental
differences compared to regular LFC’s. First, as
expected from Eq. (2), there are two first-order
chirps, one due to the up-shifted first-order side-
band, and one due to the down-shifted first-order
sideband. Because the chirp rate is positive ðg > 0Þ
both chirps start close to the carrier and chirp
away from the carrier. There are also higher order
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Fig. 1. (Top) The simulated r3 component of the Bloch vector for various detunings after completion of a single LSC. Here,

BW ¼ 20 GHz; fs ¼ 30 GHz; tc ¼ 8 ns; B ¼ 1:2; and aL ¼ 1:4: (Bottom) The simulated r3 component after completion of two

temporally overlapping, frequency offset LSCs. Here the same parameters as above were used except tc ¼ 5 ns:
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chirps due to the higher order sidebands. The
beginnings of the second-order chirps are just
visible in the plot starting at approximately
60 GHz: Thus it is important to realize that rf
chirps spanning more than an octave can have the
first-order optical chirp spectrally interfere with
the second- or higher-order optical chirps. Because
there are many orders of chirps, the optical power
is spread out between them. Besides these differ-
ences, either one of the individual chirping first-
order sidebands, taken alone, has essentially the
same physical characteristics that a traditional
LFC does and thus can be used in many of the
same applications.
In practice, the use of LSCs offers several

advantages over conventionally created LFCs.
First, the process uses commercially available
broadband integrated optical phase modulators
eliminating the need for specially designed chirp
lasers such as CECDL’s. This also eliminates the
potential problems of chirp nonlinearities and
frequency instabilities from such lasers. Second,
these electro-optic phase modulators can reach
bandwidths in excess of 50 GHz [19], thus allowing
extremely wideband chirps assuming suitable
driving voltages and electronics are used. Cur-
rently, high bandwidth chirping voltages can be
created with a digital chirping signal produced
by a pulse-pattern generator (PPG). This is done
by using the pulse-pattern generator as if it were
an arbitrary waveform generator (AWG) with
only 1 bit of vertical resolution. In this situation,
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the electric field is written as

E ¼ Eo cosð2pflt þ fðtÞÞ;

fðtÞ ¼
b if cosðpgt2 þ 2pfstÞ > 0;

�b if cosðpgt2 þ 2pfstÞp0:

(
ð3Þ

From the well-known sampling theorem [20], any
waveform which is bandwidth limited to BL can be
reconstructed from a discrete set of samples taken
at a rate R > 2BL; where RN ¼ 2BL is the Nyquist
frequency. Thus, assuming a suitably fast sampling
rate, the PPG output spectrum up to the Nyquist
limit is the same spectrum as the output of a
typical AWG producing the same square wave. Of
course, some amount of oversampling is preferred
and four times oversampling is expected to per-
form well for simple chirping functions [21]. In the
following experiments, the maximum instanta-
neous frequencies were kept below 3 GHz: The
pulse-pattern generator had a sampling rate, R ¼
12 GBit=s; thus maintaining a factor of four
oversampling.
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Fig. 2. (a) A fast Fourier transform of a simulated chirped sinusoidall

fast Fourier transform of a simulated chirped square wave driven ph

used in both simulations were fl ¼ 1500 GHz; fs ¼ 80 GHz; BW ¼ 2

included on the waveforms.
While the sampling rate would not limit our
frequency resolution, we must also examine how
the inherent square wave nature of the waveforms
produced with the PPG affects the frequency
content of the chirps. Fig. 2(a) shows the
frequency content via fast Fourier transform of
a simulated electric field given by a chirped
sinusoidal driving voltage (as in Eq. (1)). Only
the up-shifted frequency terms are shown. Here
fl ¼ 1500 GHz; fs ¼ 80 GHz; BW ¼ 20 GHz;
g ¼ 2 GHz=ns; b ¼ 1:2 and phase noise was
simulated on the waveform. The sinusoidal driving
voltage produces all orders of sidebands as
expected. Fig. 2 (b) shows the frequency content
via fast Fourier transform of a simulated electric
field given by a chirped square wave driving
voltage (as in Eq. (3)). Here the same parameters
are used. The effect of the square wave is to
essentially transfer more energy out of the carrier
into the odd order sidebands. A comparison of the
power spectra of the two different first order chirps
(plotted in Figs. 2(a) and (b)) shows identical
frequency structure with only a change in the
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overall power contained within each chirp. Thus,
either one of the first order linear sideband chirps
created with an EOM and the PPG does not differ
in any significant way from a true linear frequency
chirp, such as one created with a CECDL, an
acousto-optic modulator, or even those created
with EOMs with sinusoidal chirped driving
voltages.
Because LSCs are very similar to LFCs, the

techniques utilized to program spectral gratings
using LFCs are directly applicable to LSCs. Thus,
one could program spectral gratings with LSCs
using either the temporally separated [9] or the
temporally overlapped [10] approaches. Because of
the advantages inherent in the temporally over-
lapped frequency offset programming method, this
programming method is utilized with LSCs in this
paper to demonstrate spectral grating creation.
The top plot in Fig. 3 shows two LFCs offset by a
frequency, d: In this plot, both the field strength
(solid line) and the instantaneous frequency
δ
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Fig. 3. Two methods that vary the programmed true-time delay

via frequency offsetting chirps. (a) Two temporally overlapped

LFCs. (b) Two temporally overlapped LSCs. Solid lines

represent field amplitude and dashed lines represent instanta-

neous frequencies.
(dashed line) are plotted. This frequency offset
directly controls the time delay, tD through the
equation

tD ¼
d
g
: ð4Þ

A similar approach can be used for LSCs. The
bottom portion of Fig. 3 shows two temporally
overlapped, frequency offset LSCs. By splitting the
LSC pulse into two pulses, introducing a fre-
quency offset d and then focusing these pulses into
the medium, spectral gratings can be programmed.
This temporally overlapped programming method
using LSCs gives rise to two spectral gratings with
period 1=tD: one for the up-shifted frequency first-
order chirps and one for the down-shifted fre-
quency first-order chirps. The bottom plot of
Fig. 1 shows the population profile created using
such programming and clearly shows the spectral
gratings from both the lower and the higher
frequency side bands. Here, BW ¼ 20 GHz;
fs ¼ 30 GHz; d ¼ 2 GHz tc ¼ 5 ns; b ¼ 1:2; and
aL ¼ 1:4 giving a tD ¼ 0:5 ns or a grating period
of 1=tD ¼ 2 GHz:
In order to probe either of the two LSC

produced gratings, a probe carrier must illuminate
the grating within its spectral bandwidth. The
simplest configuration to achieve this conceptually
is to use two lasers; One laser is used to create the
LSC pulses and the other is detuned from the first
and centered on one of the spectral gratings. This
is evident in the lower plot of Fig. 3. Here, the
probe pulse is created from a different laser source
with frequency fL2 compared to the programming
pulses created with fL1: The probe laser is centered
within the upper frequency grating and will thus
produce an echo pulse with a time delay tD: This
probe pulse can be any kind of amplitude or phase
modulated data waveform, assuming its band-
width does not exceed the bandwidth of the
spectral grating for perfect high bandwidth TTD.
If the frequency shifted LSCs are separate beams
that are overlapped at an angle in the medium, the
phase matching conditions will be different for the
upper and lower spectral gratings, and care must
be taken to determine the direction in which TTD
occurs [22].
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3. Experiments

The temporally overlapped LSC programming
method was used to achieve spatially isolated TTD
of optical signals with modulation up to 1 GBit=s:
This was done by utilizing two lasers as described
above. Two TTD experiments were performed
that utilized two separate lasers for programming
and probing. The first experiment was designed to
examine the functional dependence of the TTD
signal’s phase as a function of time delay, an
important attribute for proper phased array radar
operation [2]. This was done using a sinusoidally
phase modulated probe pulse. The second experi-
ment was to TTD high bandwidth BPSK probe
pulses to ensure that the entire LSC programmed
spectral grating was created appropriately. Fig. 4
shows the simplified experimental setup for both
of these experiments. In these experiments, both
the programming (Laser 1) and probe (Laser 2)
lasers need to be modulated with an EOM. Two
injection locking systems (AMP) were used for
amplification of the small signal outputs from
these EOM’s due to the low optical power
requirements of the EOM’s [23]. Light from a
stabilized Ti:Sapphire laser was launched into
EOM 1. This EOM was used in conjunction with
a digital driving signal from an Advantest D3186
Fig. 4. A simplified version of the experimental setup used for th
PPG for creation of the LSC pulse. The amplified
output from EOM 1 was passed through a 50/50
non-polarizing beam splitter (NPBS) to produce
two beams. These beams then passed into either
AOM 1 or AOM 2 for frequency offsetting. The
difference in frequency between AOM 1 and AOM
2 is then d: The beam after AOM 1 has a
wavevector ~kk1 and the beam after AOM 2 has a
wavevector ~kk2: These two beams constitute the
programming pulses for all the following experi-
ments. The probe pulse was created using an
external cavity diode laser (ECDL). In order to
create either sinusoidal phase modulation or
BPSK data on the probe pulse, the light from
the ECDL was coupled into a fiber and then into
EOM 2. This EOM then created the desired
modulation and the amplified output was then
passed through AOM 3, which created the overall
temporal duration of the modulated pulse. After
AOM 3, the beam has a wavevector of ~kk3: This
beam constitutes the probe pulse for the following
experiments. A box geometry was used to combine
the beams [17] within a 0.1% atomic-doped Tm3þ :
YAG crystal held at 4 K in a cryostat. In order for
the echo to remain at the spatially isolated corner
of the box, the phase matching conditions required
that the probe pulses be frequency overlapped with
the up-shifted LSC grating.
e broadband TTD demonstrations described in this paper.
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3.1. Sinusoidal amplitude modulation

For proper lobe creation in an rf phased array
radar, it is critical that delayed signals follow the
relation [24]

fðfiÞ ¼ 2pfitD: ð5Þ

Here fðfiÞ is the phase of an rf signal at some
instantaneous frequency, fi: In order to experi-
mentally examine this relation, the echoes had to
have a signal whose phase could be easily
determined. A sinusoidal amplitude modulation
on the echo would allow this. However, only phase
modulation could be applied to the probe pulse.
By using the spectral grating as a spectral filter,
one of the first-order sidebands of the phase
modulated probe could be eliminated, producing
a beat between the other sideband and the carrier.
This beat frequency appears with the same
modulation frequency as the phase modulated
signal, thus creating an amplitude modulated
signal from a phase modulated signal. This
experiment was carried out using the LSC
programming pulses. A modulation rate of
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Fig. 5. The detected 1 GHz amplitude modulation on stimulated phot

delay of the signal was varied by changing the frequency offset of

experimental echo (circles) and the theoretically Fourier expected tra
fm ¼ 1:0 GHz was chosen for the probe pulse.
The modulation lasted for 100 ns and was centered
in a 200 ns long pulse. In this case, the probe pulse
carrier was always overlapped with the spectral
grating, producing an echo whose temporal dura-
tion was 200 ns; whereas the phase modulation
produced amplitude modulation only on the center
of the echo for 100 ns:
The delay time of the echoes was controlled

through the frequency offset, d: Fig. 5 shows the
amplitude modulated echoes at various time
delays. Here BW ¼ 1:25 GHz; fs ¼ 1:25 GHz;
tc ¼ 50 ms: The d’s ranged from 6.20 to
6:61 MHz in steps of 10 kHz giving expected time
delays of 248.0 to 264:4 ns in steps of 400 ps: From
the figure, the 1 GHz amplitude modulation is
apparent as well as the changing time delays for
the various d’s. The signals were averaged four
times on the oscilloscope.
The phase of the waveform and the modulation

frequency was calculated by Fourier transform of
each of these 1 GHz sequences. The inset in Fig. 5
shows both the experimental data and the theore-
tically expected values for the power spectrum of a
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Fourier transformed echo signal. In Fig. 6 the
phase found from the different delayed echo
signals was plotted as a function of time delay. A
linear fit, corresponding to Eq. (5), was made to
the data giving a slope of 6:31 rad=ns: The
expected slope was 6:28 rad=ns: The RMS devia-
tion, calculated from the residuals shown in the
lower portion of Fig. 6, was 0:38 rad; which gives a
delay resolution of B60 ps: The close agreement
to the expected value and the small RMS suggests
that the frequency tuning of the delay is indeed
changing the phase of the waveform in a linear
fashion. Fig. 5 gives a sense of how OCT TTD
beamsteering would be utilized. Clearly if these rf
signals were sent to an array of rf emitters the
antenna beam lobe would be steered. However,
even though this experiment was highly successful
at proving the linearity of Eq. (5), it only did so for
a distinct frequency, fm; with an effective band-
width of only B10 MHz: Another approach to
determine if the entire bandwidth of the spatial-
spectral grating created with the LSC program-
ming method would perform similarly will be
presented in the next section.
3.2. True-time delay of broadband data

In order to demonstrate that the whole spectral
grating was programmed appropriately, BPSK
probe signals were used to modulate the probe
pulse with data rates as high as 1 GBit=s: In
order to detect the BPSK modulation, the echo
was heterodyned as shown in Fig. 4. This was
accomplished by spatially overlapping some of the
probe pulse’s light at the carrier frequency with
the echo signal on a 1 GHz Hamamatsu avalanche
photodiode. Using this approach, the BPSK
modulation on the echoes was successfully de-
tected for broad bandwidth probe pulses. Typical
optical powers of a few 100 mW were used to
heterodyne the echo signal.
Fig. 7 shows the echo signals from a 1 GBit=s

BPSK modulated probe pulse. LSCs were used
to program an efficient grating with BW ¼
1:25 GHz; fs ¼ 1:5 GHz; tc ¼ 250 ms; and d ¼
0:4 MHz: These parameters gave a programmed
time delay of tD ¼ 80 ns that was observed on the
echo. The long programming time allowed efficient
spectral gratings to be produced, resulting in a
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Fig. 7. A portion of the echo signal (solid line) from a 1 GBit=s BPSK modulated probe pulse. Here BW ¼ 1:25 GHz; fs ¼ 1:5 GHz;
tc ¼ 250 ms; and d ¼ 0:4 MHz giving tD ¼ 80 ns: The expected bits are also plotted (dashed line) with no apparent bit errors.
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detectable echo signal. In the figure, the hetero-
dyned echo signal (solid line) is compared to the
expected echo signal (dashed line). As can be seen
in the figure, the echo signal follows the expected
pattern quite well, especially considering that the
bandwidth limit of the detector used was 1:0 GHz:
No bit errors can be seen in the eye diagram of this
echo sequence. The observation of the correct data
sequence ensures that the LSC programming
method was producing the expected spatial-spec-
tral gratings over the 1:0 GHz effective bandwidth
of the probe pulse. This plot shows that broad-
band TTD echoes can be created from LSC
programmed gratings and efficiently detected.
Next, we analyzed the ability to use the

frequency offset, d; to tune the broadband echo
signal’s time delay. In Fig. 8, a sequence of
heterodyned echoes is shown for various d’s from
0.2 to 1:2 MHz in steps of 0:2 MHz: Here BW ¼
1:0 GHz; fs ¼ 1:5 GHz; tc ¼ 250 ms giving time
delays from 50 to 300 ns in steps of 50 ns: The data
rate was 666 MBits=s in these sequences. The time
axis in Fig. 8 is referenced to the BPSK data on the
first echo. The other echo signals can be seen with
the proper time delays with respect to the first
echo, again suggesting that the broad bandwidth
spectral gratings are giving the proper time delays
versus the frequency tuning found in Eq. (4). This
plot is an excellent example of what is desired for
phased array radars. Here several broadband
signals have been TTD and could be sent to
individual RF emitters, thus steering this broad-
band signal correctly into the far field without any
beam squint.
Finally, the materials ability to handle long data

sequences was tested. This was done by sending in
a 10 ms probe pulse with BPSK modulation again
at 666 MBits=s: Here, the parameters are the same
as the previous echo sequence except d ¼ 0:8 MHz
resulting in tD ¼ 20 ns: The echo was again
heterodyned to observe the BPSK signal on the
echo and then high pass filtered to remove low
bandwidth detector features. Here several 200 ns
sections chosen roughly every 2 ms of the resulting



ARTICLE IN PRESS

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

0

0.2

0.4

2 2.02 2.04 2.06 2.08 2.1 2.12 2.14 2.16 2.18 2.2

0

0.2

0.4

4 4.02 4.04 4.06 4.08 4.1 4.12 4.14 4.16 4.18 4.2

0

0.2

0.4

6 6.02 6.04 6.06 6.08 6.1 6.12 6.14 6.16 6.18 6.2

0

0.2

0.4

8 8.02 8.04 8.06 8.08 8.1 8.12 8.14 8.16 8.18 8.2

0

0.2

0.4

9.6 9.62 9.64 9.66 9.68 9.7 9.72 9.74 9.76 9.78 9.8

0

0.2

0.4

Echo Time (µs)

F
ilt

er
ed

 S
ig

na
l (

a.
u.

)

Fig. 9. Here several 200 ns sections chosen roughly every 2 ms from an echo produced by a 10 ms probe pulse with BPSK modulation at

666 MBits=s: Here the same programming parameters as Fig. 7 were used except d ¼ 0:8 MHz resulting in tD ¼ 20 ns: Here the echo
was high pass filtered to remove low bandwidth detector signals. Again no bit errors were apparent on this long 10 ms sequence.
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TTD data signal are shown in Fig. 9 for various
echo times. Again no bit errors were apparent on
this long 10 ms sequence. Long temporal duration
data streams will be necessary in broadband TTD
applications such as phased array communica-
tions. The rare-earth ion-doped crystal clearly has
the capability to TTD these broadband signals,
even for temporally long data pulses.
4. Conclusion

In this paper we have outlined and demon-
strated a new technique, known as LSC program-
ming to create broadband spatial-spectral
gratings. This approach utilizes a chirping side-
band from an electro-optic modulator in conjunc-
tion with a frequency offset to create spectral
gratings that are well suited for TTD. Broadband
experimental demonstrations of LSC program-
ming were shown verifying that the whole band-
width of the probe pulse gets the correct TTD.
This was achieved using BPSK data signals on an
optical carrier with data rates of 1 GBit=s; the
highest data rate yet achieved for BPSK echo
signals, with no observable bit errors on the TTD
output signal. By utilizing the temporally over-
lapped frequency offset programming method,
long tc’s were employed to produce efficient
spectral gratings. The time delays produced from
these gratings could be tuned easily by using a
frequency offset created by low bandwidth acous-
to-optic modulators. The high precision in chirp
rate, due to digital construction of the signals from
pulse pattern generators, and the ability to use
stabilized laser sources would also make this
technique useful for accumulation. RMS timing
resolution has been shown to be better than 60 ps
and the dependence of the phase on the TTD
(Eq. (5)) has been observed. Due to these advan-
tages, the LSC programming method could be
utilized for several applications and is a particu-
larly attractive approach to OCT steering of
conventional phased array radar systems. LSC
programming can be extended to the creation of
arbitrary analog optical waveforms, by introdu-
cing LSCs with multiple frequency offsets [7]. The
technique also has several practical advantages as
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it utilizes commercially available telecommunica-
tions equipment such as integrated optics phase
modulators and pulse pattern generators and
cost effective stabilized ECDLs. Thus, LSC
programming offers a viable, cost-effective, prac-
tical method of achieving high bandwidth signal
processing.
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