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Compact 10 GHz loopback arrayed-waveguide
grating for high-fidelity optical arbitrary

waveform generation
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We demonstrate a high-performance optical arbitrary waveform shaper based on a single 10 GHz arrayed-
waveguide grating with 64 loopback waveguides and integrated amplitude and phase modulators on each
waveguide. The design is compact and self-aligning and allows for bidirectional operation. The device’s com-
plex transfer function is manipulated and measured over the full 640 GHz passband. To demonstrate optical
arbitrary waveform shaping, high-fidelity 15-line shaped waveforms are measured with cross-correlation
frequency-resolved optical gating. © 2008 Optical Society of America
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Optical arbitrary waveform generation (OAWG) of-
fers solutions for applications where complete control
of light, both amplitude and phase, with tremendous
bandwidth is required. Such applications include
generation of ultrahigh-bandwidth communication
signals and arbitrarily shaped pulses for molecular
probing [1]. OAWG can be accomplished via many
methods, either in the time domain, the Fourier do-
main, or a combination of both, as long as the ampli-
tude and the phase of the waveform can be fully
specified for a particular bandwidth and duration.

The loopback arrayed-waveguide grating (AWG)
based waveform shaper (WS) described in this Letter
performs OAWG via line-by-line Fourier synthesis by
exactly replicating the desired waveform’s complex
spectrum (amplitude and phase) [1–3]. This differs
from conventional pulse shaping, where groups of
lines are manipulated [4]. Figure 1(a) illustrates
Fourier synthesis by applying dc amplitude and
phase modulation to each line (mode) of an optical
frequency comb (OFC) using a Fourier domain WS.
In the WS, a spectral demultiplexer isolates the indi-
vidual frequencies to discrete spatial locations where
modulators shape each line separately. Then a multi-
plexer combines the frequencies at different spatial
locations to a single output. The OFC (i.e., input
waveform) is a repetitive temporal waveform with a
period T and a spectrum consisting of individual
comb lines spaced by the repetition rate. Therefore
the maximum length of a shaped waveform is limited
to T. The appeal of Fourier synthesis is its ability to
generate very short temporal features; the temporal
resolution, or shortest waveform feature, is propor-
tional to the inverse of the total bandwidth of the
OFC. Extending the duration of the waveforms is dif-
ficult, because the OFC’s comb spacing must be re-
duced, which forces a higher spectral resolution re-
quirement on the WS. Previously demonstrated
dispersive elements such as AWGs, virtually imaged

phase arrays, or diffraction-grating-based pulse
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shapers do not easily resolve significantly below
1 GHz (i.e., �1 ns waveform duration) while main-
taining a large bandwidth [1,5]. The resolution re-
quirement can be circumvented by using high-speed
phase and amplitude modulators with bandwidths
equal to the resolution of WS rather than using dc
modulation. AWG-based WSs can be implemented as
compact, fiber-coupled integrated devices in silica,
indium-phosphide, or silicon technologies, a key re-
quirement for OAWG to find widespread application.
Additionally, using the indium-phosphide or silicon
platforms it is possible to achieve greater than 1 GHz
modulation bandwidths [6]. Selecting a common
bandwidth between 5 and 40 GHz is a compromise
between high optical resolution and high electrical
modulation rate limitations. Increasing the optical
resolution always requires an increase in the size of
the AWG. At some point, the larger AWGs are ex-
tremely susceptible to refractive index nonuniformi-
ties and as a result have distorted filtering functions.
This leads to spectral misalignment between the two
AWGs in an AWG-pair WS [Fig. 1(a)]. Self-matched

Fig. 1. (Color online) (a) Depiction of an AWG-pair wave-
form shaper and (b) a loopback AWG waveform shaper.

Dashed spectral lines follow paths as shown.
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reflective-mode AWG-pair geometries have been dem-
onstrated as WSs [7]; however they are not unidirec-
tional and therefore should not be used with broad-
band modulators integrated onto each wavelength
channel. To overcome these limitations, we developed
a novel loopback AWG WS design [Fig. 1(b)] to re-
place a high-speed AWG-pair WS. Our design signifi-
cantly reduces the device size and avoids the difficul-
ties of fabricating two identical AWGs. In this Letter,
we expand upon [8] and fully describe a 64 loopback
waveguide (i.e., 64 channel), 10 GHz, 1 THz free-
spectral-range (FSR) AWG WS with four input–
output pairs. Measurement of the complex transfer
function and shaping of two waveforms show its use
as a high-fidelity WS.

As mentioned previously, Fig. 1(a) shows an AWG-
pair WS where Ai��� and Bi��� describe demultiplex-
ing transmission from either the input to output i for
a demultiplexer or from input i to the output for a
multiplexer. The input AWG separates the wave-
lengths, the modulator array provides modulation,
and the output AWG combines the wavelengths.
Figure 1(b) shows how a loopback AWG performs the
same operation, since Ai��� and Bi��� are both de-
scribed by Si���. The operation of the device can be
illustrated by tracing a single wavelength through
the WS schematic (represented by dashed lines). The
AWG demultiplexes �1 on the input to the inner loop-
back waveguide, where Mach–Zehnder modulators
(MZMs) and phase modulators (PMs) provide ampli-
tude and phase modulation. The loopback waveguide
then directs �1 to an input of the AWG. Symmetric
fabrication of the input and output coupler of the
AWG force this wavelength to be directed toward an
output. Likewise, the AWG will demultiplex �5 to the
outer loopback waveguide, the modulators apply
modulation, and the AWG will multiplex �5 back to
the output. One wavelength �6 is demultiplexed di-
rectly to the output, bypassing the loopback arms.
Both the AWG-pair WS and loopback AWG WS pro-
vide cascaded filtering of Ai����Bi��� or Si���
�Si��� to reduce crosstalk. Generally, with a loop-
back AWG WS, a portion of the signal during its first
pass through the AWG increases the crosstalk.
However, this crosstalk is suppressed by inserting a
half-wave plate in the center of the AWG [see
Fig. 2(a)]. The signal traveling through the AWG once
(i.e., AWG-only response) will be on an orthogonal po-
larization to the signal traveling through the AWG
twice (i.e., WS response) and can be removed with a
polarizer. Some advantages of the loopback AWG de-
sign are decreased wafer size, identical multiplexing
and demultiplexing operations, and simplified fabri-
cation and error correction. Additionally, the optical
signals travel unidirectionally through each modula-
tor, allowing future devices to incorporate high-speed
traveling-wave modulators. Both the MZMs and PMs
use 10-mm-long, chromium-based resistive heaters to
obtain phase shifts via the thermo-optic effect.
Trenches are used to concentrate the heating to a
single waveguide and reduce crosstalk between adja-
cent modulators. Figure 2(a) depicts the layout of the

fabricated WS as it is used in the waveform shaping
experiment. Figure 2(b) is the complex transfer
function of three adjacent loopback waveguides
�i=37–39� in the WS when electrical power is applied
to a single MZM. Greater than 20 dB of extinction is
attained at 390 mW with some associated phase shift
(MZM is not push–pull). Figure 2(c) shows electrical
power applied to a single PM. At 630 mW, 5.5 rad of
phase modulation is achieved with little amplitude
modulation. The data indicate the WS resolves spec-
tral lines spaced at 10 GHz.

Measurements of the complex optical transmission
and time-domain impulse response of the loopback
AWG WS are performed using a frequency-domain
interferometer [9]. Figure 3(a) shows the full trans-
mission of the AWG, S68���, on the same and orthogo-
nal polarization when compared to the WS response
��i=1

64 Si����Si����. The WS transmission is flat be-
cause it spans 640 GHz of the 1 THz AWG FSR. Fig-
ure 3(b) shows the AWG impulse response, and Fig.
3(c) presents the WS impulse response (1.5 ns later),
each on an orthogonal polarization. The WS’s
crosstalk can be determined by temporally filtering
the AWG and WS responses on the WS’s polarization
and viewing the filtered response in the frequency do-
main [Fig. 3(a)]. The crosstalk suppression is
�40 dB. Each sample in Fig. 3(b) corresponds to the
phase and amplitude transmission of an individual
arrayed waveguide (280 total). Flattening the phase
across all arms would improve the transmission of
the AWG in a process known as AWG phase-error cor-
rection. Figure 3(d) shows the WS response with no
power to the MZMs or PMs. Figure 3(e) presents the
result after flattening the phase and amplitude re-
sponse of each channel. The imperfect flattening of
the phase on a few channels is caused by the elec-
tronic driving circuit’s maximum output of 630 mW,
short of the 780 mW needed to achieve a 2� phase
shift (heater is rated at 1 W). Figure 3(c) shows the
impulse response of the uncorrected transmission
[Fig. 3(d)] and corrected transmission [Fig. 3(e)]. The
features at ±100 ps from the center are due to peri-
odic filtering in the frequency domain.

Referring back to Fig. 2(a), in the OAWG shaping
experiment the WS is used to shape a 15 lines of a
10 GHz OFC into two different target waveforms.

Fig. 2. (Color online) (a) OAWG waveform shaping experi-
mental arrangement. WS transmission for three channels
with different electrical powers applied to channel 38’s (b)
MZM and (c) PM (amplitude in black and phase in gray).
Precision computer control sets the phase of the PMs
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with milliradian resolution. Cross-correlation
frequency-resolved optical gating (XFROG) [2,10]
fully characterizes the shaped waveforms. The OFC
is a repetitive 100 ps pulse train with 7 ps pulse-
width. The OFC and WS can create any repetitive
waveform with a duration of 100 ps and a bandwidth
of 150 GHz, although the WS can support up to
640 GHz. The XFROG uses the OFC as a reference
waveform to measure an unknown waveform. Perfor-
mance of the OAWG system is measured using G� (G
prime) as a figure-of-merit [11]. G� is the rms differ-
ence between the FROG traces generated from the
target and shaped waveforms, normalized to the tar-
get FROG trace energy. This is similar to the FROG
retrieval error parameter G [10]. In one number, G�
provides a clear indication of how closely the shaped
waveform matches the target waveform in both in-
tensity and phase and in both temporal and spectral
domains. A G� lower than 5% represents a high-
fidelity waveform that is an excellent match to the
target. Typically 5–10 iterations of measurement and
correction are required to achieve G��5% because of
crosstalk sources, including electrical, optical, and
nonuniform device heating. Figures 4(a)–4(c) show a
shaped waveform with pure quadratic spectral phase
(QSP), which is equivalent to the linear dispersion of
1.4 km of single-mode fiber. Figures 4(d)–4(f) show a
pulse shaped to have flat spectral phase. The spectral
intensity of both waveforms is shaped to a sixth-
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Fig. 3. (Color online) (a) Transmission of AWG (long
dashed curve), WS (solid curve), and AWG on WS polariza-
tion (short dashed curve). Impulse response of (b) AWG. (c)
Energy normalized impulse response of WS. Intensity
(solid curve) and phase (dotted curve) transmission of
waveform shaper (d) without correction and (e) with phase
and intensity flattening.
order super Gaussian. G� of 4.9% and 2% were ob-
tained for the QSP waveform and transform-limited
waveform, respectively. The spectral phase errors be-
tween the target and measured waveforms are less
than ±0.02 rad per mode. It is important to note that
the larger G� for the QSP waveform does not indicate
inferior waveform shaping. Rather, it merely empha-
sizes that waveforms occupying the entire temporal
window are sensitive to small shaping errors.

We have presented a novel 64-channel, 10 GHz
high-resolution loopback AWG WS with amplitude
modulators and phase modulators on each loopback
arm. The loopback AWG design self-aligns the spec-
tral demultiplexing and multiplexing operation of the
WS, a critical requirement for a high-resolution WS.
On the basis of the success of this proof-of-principle,
future work will proceed toward implementing the
design in InP technology.

This work was supported in part by the DARPA
DSO and SPAWAR under OAWG contract HR0011-
05-C-0155.
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