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(Above) Composite 3D image obtained by merging images taken from four
different heights on the tower and then filtering out the canopy. (Top, right)
View of the canopy from the tower where the ladar system was mounted.
(Right) Photograph of objects obscured by the canopy. 
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L ike their microwave cousins, laser radar (ladar) systems measure how long it takes for

transmitted pulses of radiation to return to a detector to determine the distance to an

object of interest. Ladars operate at much shorter wavelengths, enabling many points

in a scene to be resolved to produce three-dimensional imagery. If this is done by flood illumi-

nating the scene and imaging onto a detector array, each detector will often receive extremely

weak signals. Researchers at M.I.T.’s Lincoln Laboratory have built such ladar imaging systems

using arrays of silicon Geiger-mode avalanche photodiodes—which are capable of detecting as

little as a single photon of light—and high-speed, all-digital CMOS timing circuitry in each pixel. 



Numerous remote-sensing applica-
tions in both the military and
civilian sectors rely on real-time

acquisition of data from multiple points
in a given area of interest. For instance,
airborne surveillance systems are used to
scan selected areas on the ground to pro-
duce three-dimensional (3D) images of
the topology. Such systems employ what
is known as laser radar, or ladar, imaging
systems. Ladar systems acquire 3D images
by measuring the flight time of transmit-
ted optical pulses directed at points in the
scene of interest to determine their spa-
tial locations.

Most ladar systems mechanically scan
a single photodetector and transmit a
laser pulse for each point in the scan.
However, mechanical scanning severely
limits the data acquisition rate, and adds
to the size, weight, power consumption
and cost of the system. In order to make
small, lightweight systems feasible for
field use, the components of both the
transmitter and receiver in a ladar system
must be compact and not consume too
much power.

A focal plane array with timing cir-
cuitry in each pixel eliminates the need
for scanning. The scene of interest is
flood illuminated and imaged onto this
focal plane, so that each pixel measures
the round-trip time of transmitted pho-
tons scattered from the corresponding
point in the scene. A 3D image can thus
be obtained with a single laser pulse
without moving parts. However, dividing
the transmitted photons among many
pixels can result in return signals that are
below the noise floor of conventional
analog pixel circuits with sufficient band-
width to give the desired timing preci-
sion. In many realistic scenarios, a given
pixel may have average returns of less
than one photon per laser pulse.

Lincoln Laboratory has developed
new 3D imaging systems that use 
32 � 32-pixel focal planes and incorpo-
rate high-speed, all-digital CMOS timing
circuitry. Two key enabling technologies
made this new approach possible. First,
the Laboratory invented diode-pumped
solid-state neodymium-doped yttrium-
aluminum-garnet (Nd:YAG) microchip
lasers that are compact and capable of
producing very short optical pulses. Such
lasers are ideal for use in an imaging ladar

transmitter, providing a small package
capable of delivering many photons in a
very short pulse.

Second, we developed a ladar receiver
based on arrays of Geiger-mode avalanche
photodiodes (APDs) integrated with all-
digital CMOS timing circuitry in each
pixel. An APD is a variation of the stan-
dard p-n junction photodiode, but
designed to support high electric fields
that give rise to impact ionization and
internal amplification of photocurrent.
The Geiger mode is simply a novel way 
of operating an APD so that it responds
to the detection of even a single photon
with a fast electrical pulse. With proper
biasing, the detector can be connected
directly to a CMOS inverter, the output
of which serves as a stop signal to a digital
timing circuit, thus digitizing the time of
arrival of the optical pulse.

This “photon-to-digital conversion”
yields a number of advantages that 
distinguish these focal planes from
conventional imagers such as CCDs or
active-pixel sensors. First, the detector
approaches quantum-limited sensitivity.
Second, there is no analog circuitry in the
pixel, which avoids the high power dissi-
pation and signal degradation mecha-
nisms associated with analog circuitry.
Third, because digitization occurs at the
pixel level, the readout process is noise-
less, facilitating the detection and post-
processing of weak signals.

The APD/CMOS imager is a compact,
all-solid state device that operates with
low voltages, dissipates very little power,
and can be scaled to large imager 
formats.

CMOS timing circuits 
The architecture of the pixel circuit, illus-
trated in Fig. 1, uses a high-speed digital
counter to measure time, and refines that
measurement by generating two addi-
tional bits, called vernier bits, that encode
the detection-time phase of the clock that
drives the counter. A master clock is gen-
erated on chip and broadcast to all pixels.
In each pixel, the clock drives the counter
through a tri-state inverter. The detection
pulse from the APD puts this inverter
into its high-impedance state, which
stops the counter and stores the detec-
tion-time clock state on the capacitance
at the inverter output.

Thus, the detection time is digitized 
to a resolution of half the clock period.
A secondary clock is generated by delay-
ing the master clock by 90 degrees in
phase, and is broadcast to all the pixels.
The detection-time state of the secondary
clock is also captured by a tri-state
inverter, which allows for quantization 
of the detection time to a resolution of
one-fourth the clock period. In the most
recent version of the chip, which was 
fabricated in a 0.35-�m CMOS foundry
process, timing resolution close to 250 ps
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Figure 1. Architecture of the ladar pixel circuit.
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has been demonstrated, corresponding 
to a ladar range resolution of 4 cm.

Figure 2 shows a photograph of the
chip, and of a single pixel. The pixel pitch
is 100 �m, but the circuitry occupies 
only about half the pixel area. The white
square in each pixel is the pad where the
connection to the corresponding APD 
is made.

Silicon APD arrays
Several lots of APDs have been fabricated
on 6-inch silicon wafers,1 in both 4 x 4
and 32 x 32 arrays. The APD has a sepa-
rate absorber-and-multiplier structure
fabricated in a � (lightly p-doped) 
epitaxial layer grown on top of a heavily
p-doped silicon substrate. The diode is
produced by ion implantation of n-type
(arsenic and phosphorus) and p-type
(boron) dopants to form, from the sur-
face down, an n-�-p-�-p structure. The
lower � layer is the absorber, where the
photons are absorbed when the device 
is illuminated from the substrate side,
which is the intended mode of operation.
The upper � layer is the multiplier.

When the diode is reversed biased at
the proper operating voltage, a modest
electric field is established in the absorber
that causes the photoelectron to drift 
up into the multiplier. The field in the
multiplier is much stronger—enough to
cause impact ionization that initiates an
avalanche. The photoelectron and the
secondary electrons are collected at 
the top n layer, and the photohole and
secondary holes are collected at the 
substrate.

The operation of a Geiger-mode
APD is conceptually simple. The APD 
is charged to a reverse bias voltage that
exceeds the avalanche breakdown voltage
by a few volts, and then left in an open-
circuit configuration. The absorption of
a photon creates an electron-hole pair
that is accelerated and initiates a chain 
of impact ionizations, creating secondary
electrons and holes, just as in a tradi-
tional linear-mode APD operated below
breakdown.

Above breakdown, however, the elec-
tric fields in the device are strong enough
that the multiplication process outpaces
the extraction of carriers, resulting ini-
tially in exponential growth of current.
This current growth saturates after a few

tens of picoseconds because of space
charge effects and device resistance.

Thus, the APD switches from an “off”
state to a state in which it is conducting
current. It then discharges its own capaci-
tance until its bias falls to below break-
down, at which point the avalanche is no
longer self-sustaining and the APD turns
off. With appropriate biasing of the APD,
this discharge voltage pulse is level shifted
to fall within a CMOS-logic-compatible
range. Once the APD has had adequate
time to turn off and release any trapped
carriers, it can be reset for the next 
detection.

Because the Geiger-mode APD gives a
digital pulse in response to photon detec-
tion, its performance can be character-
ized in terms of detection probability,
which is the probability that a single inci-
dent photon will result in a detection
event, and the dark count rate, which
is the probability per unit time that an
event is triggered by thermally generated
dark current. Dark counts are essentially
false alarms in a ladar system.

Also of interest for ladar is the timing
jitter of the APD and the associated

detection-time measurement circuitry,
which is the statistical variation of the
reported detection time with respect to
the actual photon arrival time. With
Geiger-mode APDs, detection probabili-
ties as high as 60 percent at visible wave-
lengths have been measured at room
temperature on uncoated front-illumi-
nated devices. Dark count rates below
1,000 counts/s have been measured.
Timing jitter values of 150 ps have been
observed for APDs illuminated with
sub-ns laser pulses with pulse energies
weak enough to produce a single pri-
mary photoelectron-hole pair.

Integration and packaging
One of the major challenges is the inte-
gration of the APD and timing-circuit
arrays. For some detector materials, such
as indium gallium arsenide (InGaAs)
grown on indium-phosphide (InP) sub-
strates, the substrate is optically transpar-
ent at wavelengths for which the detector
is sensitive, allowing back-illuminated
operation without the need for substrate
removal. In such cases, the detector array
is often bump bonded to the silicon read-
out circuit and some of the detector sub-
strate removed to decrease residual
absorption losses.

In the case of homoepitaxial silicon
APDs, however, the substrate is opaque 
at the wavelength of operation, and the
APD wafer must be thinned to remove
most of the substrate. The detector layer
can be less than 10 �m thick, making it
challenging to fabricate a mechanically
robust device.

We developed an alternative technique
called “bridge bonding.” In this method,
illustrated in Fig. 3, void-free mechanical
attachment is accomplished by epoxying
the CMOS chip and the APD wafer face
to face. A bump-bonding machine is used
in this step only as an alignment and
placement tool. The APD wafer is then
thinned for back-illuminated operation.
The electrical connections are made last
by etching vias between the APDs and
patterning a metal connection (the
“bridge”) over the slope formed in the
epoxy by the etching process. Figure 4
shows a packaged focal plane with an
integrated gallium-phosphide microlens
array to concentrate light on the sensitive
area of the detectors.
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Figure 2. (a) Photograph of the ladar
readout chip and (b) of a single pixel.
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Ladar systems and imagery
We combined our work on Geiger-mode
APD arrays for receivers and Nd:YAG
microchip lasers2, 3 for transmitters to
build a series of laser radar systems.4, 5

First, a system was built to demonstrate
the feasibility of ladar imaging with
Geiger-mode detector arrays. This sys-
tem, known as the Gen I, mechanically
scanned the field of view with a packaged
4 � 4 APD array and a 532-nm-wave-
length microchip laser.

The detection signals from the APDs
were digitized and timed externally with
rack-mounted commercial electronics.
Despite the relatively slow frame rates
achieved with that system, it produced
striking 3D images and confirmed that
ladar imagery facilitates robust object
recognition and camouflage penetration,
since it provides explicit depth informa-
tion. Ladar images were collected in
broad daylight with low false alarm rates,
showing that the problem of false alarm
detections due to background light can
be addressed by a combination of spec-
tral filtering, time gating and limiting the
detector field of view.

Other ladar systems were subse-
quently developed that incorporated 
the 32 � 32 focal plane and were more
rugged and compact, one of which was
denoted the Gen III. The transmitter in
the Gen III system operates at 532 nm
and uses a doubled Nd:YAG passively 
Q-switched microchip laser. In the 
Gen III system, microlenses were not
used on the focal plane. Instead, a
diffractive optical element was incorpo-
rated into the transmitter optics, which
causes a 32 � 32 array of spots to be
projected onto the scene. These spots 
are imaged onto the APDs. While this
scheme requires tight alignment toler-
ances in the optics, it has the advantage
of high background light rejection
because of the low fill factor of the APDs
(about 5 percent). The transmitted
light is concentrated on the detectors,
whereas the background light is not.

One of the uses of a high-sensitivity
compact ladar system is its ability to
penetrate foliage from an airborne
surveillance platform. The ladar would

acquire several 3D images of an area of
interest on the ground as the platform
flies over a partially obscuring canopy.
At any given point in the flight, only a
small percentage of the ground area
might be visible through the openings 
in the foliage. By merging images taken
from different angles, however, it is pos-
sible to see a large percentage of the
ground area.

To test this type of capability, the
Gen-III system was placed on an eleva-
tor of a 300-foot tower and used to
acquire 3D images of a nearby ground
scene under trees. The photo on the top
of p. 43 shows the view from the tower
and the lower image shows the obscured
ground scene. The photo on p. 42 is a
composite 3D image obtained by merg-
ing data taken from four different
heights and filtering out the low range
values. The image clearly shows the
objects that would be obscured by
foliage in any conventional image: the
gazebo, the two vehicles and the three
picnic tables.

Ladar is a fast growing technology
that will find its way into many govern-
ment and commercial applications.
Geiger-mode APDs will enable im-
proved imaging that could enhance
national security and industrial efforts
such as construction and surveillance.
Future work will include the develop-
ment of imagers with larger formats,
smaller pixels, refined range resolution
and higher fill factor. In one effort, APD
arrays are being integrated with multiple
layers of silicon-on-insulator CMOS 
circuitry based on new fabrication tech-
niques for three-dimensional circuit
integration.

Brian Aull (aull@ll.mit.edu) is a technical staff mem-
ber with the Advanced Imaging Technology Group
at the Massachusetts Institute of Technology’s
Lincoln Laboratory.
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Figure 4. Packaged device with integrated
microlens array.

Figure 3. Bridge bonding process showing 
(a) epoxy bonding (b) APD substrate removal,
and (c) via etch and bridge metallization.
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