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Abstract—A photonic true time delay cell with two waveguide
couplers and five semiconductor optical amplifiers is demonstrated. The five semiconductor optical amplifiers provide gain in
the 1550-nm region and port selection to determine the time delay.
With the amplifiers off the signal are blocked with extinction ratios
of more than 10 dB. In the experiments reported here, the delay
of 20 ns was provided by an optical fiber. Because of the potential
for nanosecond switching times, the device has application in very
agile phased array antenna applications, in optical switching and
routing, and in optical filtering.
Index Terms—Multiple quantum-well, semiconductor optical
amplifier, true time delay, waveguide splitter.

I. INTRODUCTION

I

NCREASED integration of photonic devices is an important frontier for optical signal processing. Very large scale
systems require active components for signal regeneration in
order to compensate for loss and fan-out. In photonics this requires optical amplification, and two prime candidates are parametric amplifiers [1] and semiconductor optical amplifiers [2].
The present level of photonic integration of about five components is decades behind electronics. Economic forces impact the
progress of photonic integrated circuitry. The market for applications must be large enough to support considerable research
and development costs. Alternatively, the photonic integrated
circuit developed may be flexible enough to address a multiplicity of moderately sized applications through reuse of core
structures or through user programmability.
One example where both programmability and market size
coexist is in photonic true time delays for phased array antennas in high performance radar and communication systems.
For wideband phased array antennas, a constant phase shift results in a far field pattern dependence of frequency, a phenomenon called beam squinting. Beam squinting can be eliminated
by using time delays rather than phase delays. Unfortunately,
conventional microwave true time delay elements are heavy, inflexible, and expensive. The use of photonic techniques, however, offers wide bandwidth, compact size, reduced weight and
low radio frequency interference.
Approaches to photonic true time delay include wavelengthdivision-multiplexing techniques [3], substrate-guided waves
[4]–[6], all-pass optical filters [7], high dispersion fibers or
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Fig. 1. SEM image of the integrated photonic true time delay cell based on five
semiconductor optical amplifiers and two couplers machined using an FIB. The
five large (130 130 m ) squares are the bonding pads for the pumping of the
amplifiers. The first coupler is located in the region enclosed by the dashed box,
shown in Fig. 3.
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waveguides [8], [9], optical switching matrices [10], laser diode
bias switching [11], acoustooptics [12], integrated polymer
switches [13], and switching of variable length free-space
sections [14]. Most of these true time delay modules consist
of only passive optical components. The reconfiguration times
of these approaches are typically on the microsecond scale. In
this letter, we demonstrate a photonic true time delay cell that
utilizes semiconductor optical amplifier gates and waveguide
splitters to route the signal to different optical delay paths. The
gates also provide gain in the “ON” state which compensates for
the insertion, coupling and branching losses. The gates can be
switched with high-speed electronic circuits to achieve reconfiguration speeds of less than 1 ns [15]. Consequently, antenna
beam shaping and optimization can occur on time scales much
faster than the changing RF signal of the antenna, resulting
in an extremely agile phased array antenna. In addition, this
device also has applications in optical switching, routing and
filtering.
II. PHOTONIC TRUE TIME DELAY DEVICE
The photonic true time delay cell based on two compact splitters and five semiconductor optical amplifier gates [16], [17]
is shown in Fig. 1. The waveguide splitters employ a 45 total
internal reflection (TIR) mirror that partially obstructs a ridge
waveguide, routing a portion of the light into a perpendicular
ridge guide while allowing another fraction of the light to pass
through the waveguide. A fraction of the light continues to propwhile another portion is bent 90 into
agate in waveguide
( )
waveguide . By applying current only to waveguide
( ), the light is amplified in ( ) and attenuand not to
ated in ( ). Waveguides and have current continuously
applied and serve as a preamplifier and a postamplifier. If the

1041-1135/$20.00 © 2006 IEEE

TONG et al.: ACTIVE INTEGRATED PHOTONIC TRUE TIME DELAY DEVICE

1721

Fig. 2. Finite-different time-domain theoretical design of a TIR mirror coupler
showing a preferred position for equal splitting of an input signal. The designations A, B , and D refer to the waveguides in Fig. 1. The signal enters the
scattering region from waveguide A, deflects off the mirror, and exits through
waveguides B and D .

current to waveguide is switched OFF and current is switched
and , the light can be routed with a fixed
ON to waveguides
delay through a fiber connected to the ends of waveguides
and . The role of amplifiers and
is to provide gain to
help alleviate coupling losses. Amplifier is used mainly as a
switch between delay an nondelay states. Amplifiers and
serve both gain and switching functions. The device is designed
for TE operation.
The device is fabricated using a multiple quantum-well epitaxial structure with an active region consisting of five 85compressively strained AlInGaAs quantum wells, which amplify at wavelengths near 1550 nm. Two and a half micrometer-wide ridge waveguides are reactive ion etched to a depth of
1.3 m, providing a lateral index step of 0.015. The waveguides
are 500 m long. The center-to-center spacing of waveguides
and is 500 m to match a multiple of the spacing of fiber ribbons. After the photonic true time delay device is cleaved from
the wafer, the optical facets are antireflection coated to less than
1% reflectivity.
At the intersections of the amplifying waveguides, photonic
couplers direct the optical signal into two directions. The TIR
45 design was chosen for compact, short dwell time operation, and currently has a loss of 3 dB. The TIR mirror couplers were designed using finite-difference time-domain modeling software, and the parameters that were optimized included
the angle, size, and location of the TIR facet. Since the waveguide modes are weakly bound, we used as a starting point for
our simulations a 45 TIR facet that completely intersects the
waveguide in both the lateral and transverse directions (perpendicular to the substrate). In order to achieve equal splitting, we
positioned the front corner of the trench at the center of the
waveguide. The dependence on the longitudinal position was
found to be relatively insensitive over 0.5 m, but a slight peak
in performance occurred 0.1 m from the center of the horizontal waveguide. A contour plot of the numerical results is
shown in Fig. 2: The designations , , and refer to the similarly labeled waveguides in Fig. 1. In the device, and contour
plot, the signal enters the coupling region from waveguide ,

Fig. 3. SEM image of a TIR mirror waveguide splitter with totally internally
reflecting mirror.

Fig. 4. Block diagram of the time delay measurement.

deflects off the coupler and exits through waveguides and .
The TIR facets are fabricated in a two-step procedure using focused ion beam (FIB) micromachining. A 4- m-deep trench is
first etched, and then redeposition from the FIB etch process
is removed from the TIR optical section. The scanning electron
microscope (SEM) image of the TIR facet shown in Fig. 3 is per.
pendicular within 1 and smooth at a magnification of
III. MEASUREMENT AND RESULTS
The photonic true time delay cell is bonded to an aluminum
nitride submount with multiple metal traces on the surface for
individually addressing each semiconductor optical amplifier
gate. The temperature of the submount is controlled at 20 C by
a thermoelectric cooler. A 1550-nm continuous-wave tunable
laser source is coupled to the photonic true time delay cell after
passing through a polarizer, a lithium niobate Mach–Zehnder
modulator, a final polarizer, an erbium-doped fiber amplifier
(EDFA), and a bandpass filter, shown in Fig. 4. The modulator
is driven by a 1-ns pulse at a repetition rate of 25 MHz. The operating point of the modulator is maintained at quadrature and
the amplitude of the RF driving signal is controlled to achieve
both low and high modulation indexes. The power of the modulated optical signal is then boosted with an EDFA. The optical
bandpass filter between the EDFA and the photonic true time
delay cell is used to suppress spontaneous emission noise in the
EDFA. The state of polarization of the optical signal is adjusted
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Fig. 5. Oscilloscope trace showing the delayed signal and the nondelayed
signal superimposed on a single trace.

with the second polarization controller to match the TE gain
of the semiconductor optical amplifier waveguides. The light
is coupled into and out of the photonic true time delay cell by
lensed fibers. A fiber coupled to waveguides and is used
for the delay line. Light from the photonic true time delay cell is
fiber coupled to a second EDFA and a bandpass filter that suppresses noise from the EDFA and amplifying waveguides before
the optical signal from the photonic true time delay cell is incident on the high-speed photodetector.
A current of 10–40 mA is applied to each of the five waveguides (Fig. 1) to overcome splitter and coupling losses. The gain
provided by these amplifiers is estimated to be approximately
6 dB. The magnitude of delayed and nondelayed signal is controlled through adjustment of the semiconductor optical amplifier currents. Fig. 5 displays an oscilloscope trace showing the
delayed signal approximately 20 ns later than the nondelayed
signal superimposed on a single trace. While the amplifiers are
turned OFF, the signal is blocked and no residual pulse is detected. The signal extinction ratio is over 10 dB. Additionally,
no back reflections off the waveguide splitters are observed.
IV. CONCLUSION
A photonic true time delay cell with two waveguide couplers
and five semiconductor optical amplifiers is demonstrated.
The semiconductor optical amplifiers provide gain and port
selection to determine the time delay. Additional stages will
scale this device to a programmable photonic true time delay.
While fiber delays are convenient for long delays and laboratory demonstrations, the 6-dB average losses associated with
fiber-to-waveguide coupling will be reduced with integrated
waveguide architectures in the next-generation device.
Transient studies and further characterization of signal distortion will also proceed. Because of the potential for nanosecond
switching times, the device has application in very agile phased
array antenna applications, in optical switching and routing, and
in optical filtering.
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