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Abstract In many computer and server communications
copper cables and wires are currently being used for data
transmission and interconnects. However, due to significant
shortcomings, such as long transmission time, high noise
level, unstable electrical properties, and high power con-
sumption for cooling, researchers are increasingly turning
their research interests toward alternatives, such as fiber
optic interconnects and free-space optical communication
technologies. In this paper, we present design considerations
for an integrated receiver for high-speed free-space line-of-
sight optical interconnects for distortion-free data transmis-
sion in an environment with mechanical vibrations and air
turbulences. The receiver consists of an array of high-speed
photodiodes for data communication and an array of quad-
rant photodiodes for real-time beam tracking in order to
compensate for the beam misalignment caused by vibrations
in servers. Different configurations for spatially positioning
the quadrant and data photodiodes are discussed for 4 × 4
and 9 × 9 multielement optical detector arrays. We also in-
troduce a new beam tracking device, termed the strip quad-
rant photodiodes, in order to accurately track highly focused
optical beams with very small beam diameter.
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1 Introduction

Over the past two decades, the Internet experienced an ex-
plosive growth from the advent of numerous network appli-
cations such as peer-to-peer (P2P) file sharing, voice com-
munications, and video over IP. At present, healthcare, fi-
nancial, communication, and entertainment industries rely
heavily on Internet-based computing and data processing.
By some estimates, the amount of data being processed is
doubling every year, leading to a projection for a 1000-fold
increase in ten years [1]. Almost the entire structure of the
Internet is based upon a client–server model which is chiefly
designed around board-to-board connections via copper ca-
bles. However, these copper cables are becoming the bot-
tleneck in improving the speed and power efficiency of the
computers and data servers [2]. The speed of a server con-
nection needs to keep up with increasing Internet traffic de-
mand at data transmission rates of 10 Gbps or even higher
at 100 Gbps [2]. The current copper cables are limited by
speed and size, which is a direct result of parasitic resis-
tance, capacitance, and inductance. At low frequencies, the
series resistance and shunt capacitance of a circuit board
copper trace dominate the communication behavior deter-
mining the transition times and thereby limiting the data
transmission rate. At higher frequencies, the wire’s series
inductance becomes more dominant than the resistance as
an impeding factor contributing to the same end result—
a limit on the rate at which the trace can transmit signal
pulses. All these parasitic factors depend heavily on the
geometry of the wire, especially the physical length. Re-
sistance, for instance, is proportional to the wire’s length
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and inversely proportional to its cross-sectional area. Be-
cause of this dependence on geometry, a simple wire’s ul-
timate bitrate turns out to be proportional to its cross sec-
tion, but falls with the square of its length. So, thinner and
especially longer cables results in a lower data transfer bi-
trate. Transition-time limitations can be addressed by sev-
eral alternatives that are unfortunately not compatible with
noise minimization, power requirements, and thermal man-
agement [3]. The heat generated by the cables requires more
than 50% of the total energy consumed by the cooling de-
vices [4]. If the data transfer rate is increased, the heat gen-
erated by the cables occupies a larger percentage of the cool-
ing power and significantly contributes to lowering the sys-
tem efficiency.

Free-space optical (FSO) interconnects have the poten-
tial to boost data throughput between computers and servers
by a factor of 1000 because of the high data rate of optics
and the fact that optical data channels can be more densely
packed than their electrical counterpart [2]. As a consequent,
FSO interconnects; combined with electronics, offer a po-
tential solution to ease the communication bottleneck of in-
terconnects. Alignment between the optical transmitter and
receiver is the key factor that establishes the viability and
the performance of the optical link. Innovative techniques
are thus needed to assemble optical components in a rugged
yet simple way that is fully compatible with conventional
electronic packages while reducing their manufacturing and
operating cost. A great deal of research has been conducted
on line-of-sight FSO communication for long distances such
as inter-satellite links as well as short distances such as
inter-building communications that span distances up to a
few kilometers [5–8]. Several groups have also worked on
shorter links for applications in computer servers. Esener
et al. [9] have reported extensive studies using hybrid one-
dimensional arrays of devices to demonstrate free-space op-
tical interconnect on printed circuit boards for computer in-
terconnects [9–11]. Previous efforts have mainly focused
on understanding the core issues of atmospheric turbulence,
beam misalignment, and error corrections [8, 12, 13], while
very minimal work was done on developing the low-cost ad-
vanced detector arrays for high-speed FOS links.

In this paper, we present the design considerations and
system simulations of an integrated receiver for inter-server
communications with high-speed FOS interconnects in an
environment with incessant mechanical vibrations and air
turbulences from internal and external sources.

2 Receiver design with integrated quadrant
photodiodes (QPDs)

Figure 1 illustrates the general concept of integrated FOS
links that can be used for server-to-server crosslinks. Elec-
trical signals, from server ‘A’ modulate a set of parallel

Fig. 1 Board-to-board optical interconnect networks. The data beams
originate from server ‘A’ and traverse through the free space between
the lenses and are detected by an array of photodiodes placed at the
board of server ‘B’. An identical process exchanges data between the
VCSEL’s of server ‘B’ and the photodiode array of server ‘A’

laser beams generated by vertical-cavity surface-emitting
lasers (VCSELs). Relative vibration between the two servers
causes the received laser beam (data) to wander over the de-
tection plane contributing to degradation of system perfor-
mance due to the beam spot moving out of the detection area
and causing random fluctuations of the signal intensity at the
receiver. As a solution, a pair of MEMS devices integrated
with a pair of lenses is integrated to the server processing
boards for real-time optical beam alignment.

The data beams traverse through the free space between
the lenses and are detected by an array of photodiodes posi-
tioned at the board of server ‘B’. An identical process ex-
changes data between the VCSELs of server ‘B’ and the
photodiode array of server ‘A’. This scheme of communi-
cation is based on three major components: (a) an array
of lasers (VCSELs), (b) MEMS devices for beam aligning
(control/tracking), and (c) an integrated receiver array with
slow photodetectors for beam tracking (quadrant photodi-
odes) and a set of high-speed photodetectors for data com-
munication. This paper will focus on the design of a low-cost
integrated receiver that can be integrated with MEMS de-
vices for real-time beam tracking in order to compensate for
the beam misalignment caused by relative vibration of the
servers. Our proposed solution is based on monolithic inte-
gration of quadrant photodiodes (QPDs—a four-element ar-
ray) for beam positioning and high-speed data photodiodes
(DPDs) for information processing.

Our beam tracking QPD design is based on a widely used
mechanism in conventional optical data storage technology
including CD and DVD devices [14]. A misaligned beam
incident on a QPD induces a voltage representing the track-
ing error. The tracking devices are then activated to scan and
search initially on horizontal then vertical directions, in or-
der to stay locked and in focus. Between two servers, several
tens to hundreds of channels are expected to communicate
through the free space in the form of linear or square arrays
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Fig. 2 Three different schemes
for arranging a 4 × 4 square
array of photodiodes. In our
work, data photodiodes (DPDs)
have a size of 50 µm × 50 µm,
Quad photodiodes (QPD) have a
size of 300 µm × 300 µm and
the beam spot is ∼40–50 µm in
diameter. Scheme 1 contains 16
QPD with DPDs, Scheme 2
contains four QPDs with DPDs
embedded in them at four
corners, and 12 stand-alone
DPDs and Scheme 3 contains
four QPDs, and 12 single DPDs

Fig. 3 (a) Initial beam position located on a QPD, with readout Q1:
60%, Q2: 15%, Q3: 15%, Q4: 10%. The QPD readout indicates that
beam center is located on Q1, thus it should move to the left until
the readout of Q1 + Q4 is equal to that of Q2 + Q3. (b) Subsequent

to the horizontal adjustment, the readout ratios are Q1:Q2:Q3:Q4 =
35%:35%:15%:15%. Since Q1 + Q2 > Q3 + Q4, it needs to be moved
downward, until the readout of all four elements are equalized. (c) Fi-
nal beam position, with Q1 = Q2 = Q3 = Q4 = 25%

such as 4 × 4 and 9 × 9 arrays. Figure 2 depicts three possi-
ble integration methods under consideration:

1. Scheme 1: DPDs are embedded at the center of QPDs.
2. Scheme 2: QPDs are only at four corners with embedded

DPDs.
3. Scheme 3: QPDs are at four corners and the rest of the

positions of the array are DPDs.

Scheme 1 has the advantage of monitoring the positions
of all of the data channels separately and offers consid-
erable redundancy. Considering the fact that a large num-
ber of channels is required between two servers, deploying
a pair of quadrant and data photodiodes for each channel
would be prohibitively costly making it an unattractive op-
tion. Scheme 2 has one QPD with embedded DPDs at each
corner of the array. A QPD in one corner monitors the posi-
tion while it is counterpart in another corner monitors angu-
lar misalignment. An additional redundant pair of quadrant
photodiodes is used for monitoring two active quadrant pho-
todiodes. Although this scheme is more attractive compared
to Scheme 1, its drawback is the low accuracy of the position
monitoring which is limited by the size of the data photodi-
ode at the center, which is 50 µm × 50 µm in our case for
demonstration purposes.

Scheme 3 is similar to Scheme 2, except for the four cor-
ners that are solely QPDs instead of embedded DPDs. This

design increases the accuracy of the beam position monitor-
ing by taking out the DPD from the QPD in each corner of
the array (4 × 4 array in this case). Better accuracy in the
beam positioning places the beam at the center of the DPDs
contributing to higher efficiency in the light absorption. In
the subsequent discussion, we will focus on Scheme 3 for
designing our receiver array.

Individual elements in QPDs produce a current that is
proportional to the light intensity falling on it. A voltage
readout is obtained by a current-to-voltage converter and an
amplifier. In a FSO link, the QPD would detect data beam
misalignment by sensing different voltage readouts in the
four quadrants. A higher voltage readout in one of the el-
ements of a QPD that indicates a beam misalignment and
triggers a beam alignment process by steering the beam in
both vertical and horizontal directions until all the QPD ele-
ments sense identical voltage readouts. The MEMS, devices
for beam aligning, then locks the beams at the exact center
of the photodiodes.

An example of the QPD-based alignment mechanism is
shown in Fig. 3. In Fig. 3a, most of the beam spot is located
in Q1. Consequently, the voltage readout, which is propor-
tional to the power absorbed in each element of a quadrant
photodiode, is ∼60% in Q1, 15% in Q2, 15% in Q4, and
10% in Q3. In order to align the beam back to the center, the
beam will be horizontally steered to the left until the voltage
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readout of left quadrants (Q2 + Q3) equals that of the right
quadrants (Q1 + Q4), as shown in Fig. 3b. This aligns the
beam to the horizontal center and a final beam movement
would bring the beam back to the vertical center by sensing
and comparing the voltages readouts of the top quadrants
(Q1 + Q2) with that of the bottom quadrants (Q3 + Q4).
When the voltage readouts of all the elements are equal, i.e.,
Q1 = Q2 = Q3 = Q4, the beam is exactly aligned.

Angular misalignment can be addressed by using two
QPDs in an array as shown in Scheme 3 on Fig. 2. When the
elements of two different QPDs have different readouts, it
is an indication of an angular misalignment and the MEMS
devices go through rotational beam alignment before trig-
gering a translational alignment.

3 Receiver design with strip quadrant photodiodes
(SQPDs)

We now introduce a new design for position sensing with
high spatial resolution and data stream tracking with a very
small beam spot. The device is constructed by dividing stan-
dard QPDs along the two diagonals and further segment-
ing them into thinner strips as shown in Fig. 4. The device,
termed strip quadrant photodiodes (SQPDs), is capable of
beam tracking with high precision for a large misalignment
limited by the size of the quadrant photodiodes.

In the SQPDs, upon illumination, a small beam spot can
be detected at the exact region where it is incident on, and
the system can use that information to align the beam back to
the center. A precise alignment method can be implemented
by a maximum of two step beam alignment process. The
design in Fig. 4c can be further modified by separating it into
four sections, and positioning each section around a 9 × 9
data photodiodes array as shown in Fig. 5.

We describe the alignment procedure and present some
simulation examples of misaligned beams to develop the
alignment algorithm of the beam with SQPDs. For naming
convention, we assign T, B, L, and R, as shown in Fig. 5a, to
each strip in a SQPD and assign 1 to 4 for each strip, start-
ing from shortest to longest, as shown in Fig. 5b. We also
assume that each strip is 40 µm wide and the beam spot size
is 50 µm in diameter.

We set a decision rule to determine whether a beam is
considered located on the strip or in between two strips, so
that the largest misalignment is 10 µm. The rule is illustrated
by the following calculation:

For a beam spot with Gaussian distribution profile, the
power P(r, z) passing through a circle of radius r in the
transverse plane at position z can be written as:

P(r, z) = P0

(
1 − e

−2r2

w(z)2
)

(1)

Fig. 4 Sequence of designing SQPD from a standard square QPD.
(a) Current square quad photodiode is divided in four equal segments
via lateral and vertical divisions. (b) Devices with similar effectiveness
can be designed by dividing them through the diagonals resulting in

four regions: top, bottom, left and right. (c) A highly precise beam
tracking mechanism is developed by dividing the QPD of (b) into four
strips resulting in a SQPD with sixteen segments

Fig. 5 (a) Photodiodes array
(9 × 9) with SQPDs. A QPD is
segmented into four sections,
and positioning around a DPD
array. A total of 16 segments of
the SQPD are essential for the
beam alignment process.
(b) Naming convention for the
example calculation for the
alignment algorithm
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Fig. 6 Device parameters used in developing alignment algorithm.
(a) Beam spot incident on the detector array is ∼40 µm. (b) Each strip
in the SQPDs is 40 µm wide. The circle with a diameter of 40 µm repre-
sents the beam spot, which is located at the strip center when perfectly
aligned, and located 10 µm off the center of the strip for a particular
case of misalignment. (c) By calculating the fraction of optical power

outside a strip and comparing the total beam power, we develop an
algorithm for aligning the beams with better than 10 µm accuracy.
(d) A beam located mostly on strip 3 and with very little overlap with
strip 4 can be approximated as located in strip 3 with ∼10 µm mis-
alignment

where w(z) is the diameter of the beam at distance z and Po

is the total energy. In our devices, we estimate our w(z) to
be ∼20 µm. Therefore, the fraction of beam power detected
by the SQPDs over total beam power is:

F = P(r)

P0
= 1 − e−0.005r2

(2)

In order to calculate the boundary conditions for Gaussian
beam profile, for case b from Fig. 6d, where the beam is
10 µm away from the strip center, we decompose P(r) into
P(x, y) where x2 + y2 = r2 and integrate to find the total
incident power on the SQPDs. While it is almost 100% for
good beam alignment (Fig. 6b), it is about 84% for the case
shown in Fig. 6c. Our algorithm is based on the calculation
as follows. When 84% or more of optical energy is detected
on one single strip, we consider the data beam spot to be at
the center of that strip of the SQPD. If one of the strips of
the SQPDs detects less than 84% of the incident beam, the
beam is located between two strips and alignment algorithm
takes this into consideration.

The rule is applied to the following example, where each
strip is 40 µm wide, and the DPD is 50 µm × 50 µm. In
Fig. 6d, let us consider the total incident optical power on
the L strip of the SQPD is 100 µW. (L1 + L2 + L3 + L4 =
100 µW), and L3 absorbs ∼88 µW. We can conclude that the
beam spot is located at the center of L3, as a result, in order
for the beam to be adjusted for accurate alignment, it has to
go through half of the strip L3 width and the entire width of
strip L1 and L2. In other words, the total beam displacement
is the addition of the width of strip L1 and L2, plus half of
the width of strip L3 and half of the width of the DPD (which
is a total displacement of 20 µm+40 µm+40 µm+25 µm =
125 µm in our example). Similarly, total displacement for
vertical alignment can be calculated based on the voltage
readings of the top and bottom SQPDs.

Based on the rule mentioned previously, we calculated
the total beam tracking requirements along with possible
residual misalignment in the beams. Using a data photodi-
ode with a dimension of 50 µm × 50 µm and SQPD with a
strip width of 40 µm, we can have a maximum misalignment
of 15 µm if the lower limit of the SQPDs is set to 84% of the
incident beam power. Table 1 presents some calculations on
this alignment scheme. The first column shows the location
of the beam, second column shows the direction of the beam
movement for alignment, and the fourth column shows the
total possible misalignment in the data beams. The SQPDs
can similarly be used for estimating the angular misalign-
ment of the data beam.

Typical VCSELs exhibit a doughnut-shaped beam pro-
file with a non-Gaussian power distribution and hence the
proposed beam tracking and alignment mechanism for the
Gaussian beam can be modified. The following method can
be adapted to generate a table for calculating the beam
misalignment for any arbitrarily varying VCSEL beam
shape.

1. Monitor a strip (such as L3 as shown Fig. 6), scan the
VCSEL beam slowly to maximize the power on L3 (mea-
sured power is P1).

2. Control the VCSELs to move the beam 10 µm to the right
(measured power is P2).

3. Divide P2 by P1, the resultant fraction could be used in
defining misalignment and generating a table.

These adjustment rules would handle the translational
misalignment. Angular misalignment can be addressed by
an additional alignment step. Subsequent to the adjustment
of the translational misalignment, the optical power of all
four DPDs adjacent to the each quarter of SQPD can be
monitored. Any disparity in the four readings would be an
indication for angular misalignment.
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Table 1 Misaligned beams are
located in the first column and
the direction of the beam
alignment is shown in the
second column

Beam position
in the SQPDs

Direction of beam
alignment

Total beam
movement (µm)

Max possible
misalignment (µm)

T1 Down 40 15

T1/2 Down 65 14

T2 Down 90 13

T2/3 Down 115 12

T3 Down 140 13

T3/4 Down 160 13

T4 Down 180 11

B1 Up 40 15

B1/2 Up 65 14

B2 Up 90 13

B2/3 Up 115 12

B3 Up 140 13

B3/4 Up 160 13

B4 Up 180 11

L1 Right 40 15

L1/2 Right 65 14

L2 Right 90 13

L2/3 Right 115 12

L3 Right 140 13

L3/4 Right 160 13

L4 Right 180 11

R1 Left 40 15

R1/2 Left 65 14

R2 Left 90 13

R2/3 Left 115 12

R3 Left 140 13

R3/4 Left 160 13

R4 Left 180 11

4 Design comparison

In this section, we compare the advantages and disadvan-
tages for both the QPDs and SQPDs considering some ex-
treme operating case scenarios. The QPDs are able to detect
the position of the beam in terms of which quadrant it is lo-
cated, as indicated by the voltage readout. However, the abil-
ity of detecting the magnitude of beam misalignment, such
as, how far away it is from the center or which exact location
it is on the quadrant, depends on the spot size. For example,
Fig. 7 shows a small beam spot located at the second quad-
rant inducing a voltage readout. Two circumstances are con-
sidered here: in case a, the beam spot is located in the sec-
ond quadrant, near the left end close to the horizontal axis.
In case b, the beam spot is again located in the second quad-
rant, but it is near the top end and close to the vertical axis.
Even though both positions are at two extreme locations of
the second quadrant, we cannot apply the same beam track-
ing algorithm to align the beam of the photodiode since their

exact locations are different. However, the voltage readings
from the QPDs, the only information we get from the re-
ceiver, suggests that the misalignment is identical in nature
(contrary to the reality, as shown in Fig. 7, the voltage of
the left two quadrants minus the right two quadrants, VL–R

and voltage of the bottom two quadrants minus the top two
quadrants, VB–T are both 3 and −3 V, respectively in these
two cases). Designing smaller QPDs could be a possible so-
lution but that will contribute to a higher risk of unrealizable
complex beam tracking.

Concept of SQPD reduces QPD footprints and makes
each data photodiode in the array available for communi-
cation. The advantages of SQPDs are more accurate sensing
of distance and direction of the misalignment, along with
only two steps for position adjustment and accurate align-
ment of the beam, in particular, when the spot size is small.
On the other hand, a QPD shown in Fig. 4a will require at
least four times larger spot size for sensing and relocating
the position of the beam. Moreover, at least two QPDs will
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be needed for the alignment process (as shown in Fig. 2)
contrary to the need for only one SQPD in this scheme. The
angular misalignment can also be corrected using a single
SQPD. In addition, the number of steps for relocating the
beam would always be exactly two for SQPDs—one hor-
izontal and one vertical movement. The number of steps,
however, is unpredictable for a QPD due to the fact that it
has to go through a length scan-and-search mechanism. On
the other hand, because the relocation algorithm is based on
a precalculated table, the SQPD cannot achieve as high spa-
tial accuracy as that of QPD. The maximum misalignment
between the final beam center and the center of a photodiode
is 15 µm in our example. Whether a FSO will be able to tol-

Fig. 7 Issues with accurate beam tracking using QPDs. In general,
two outputs for QPD are produced to determine the exact location of
a laser beam, VL–R and VB–T . VL–R represents the voltage of the left
two quadrants minus the right two quadrants, and VB–T represents the
voltage of the bottom two quadrants minus the top two quadrants. The
combination of these two outputs would decide the location of the spot.
The special cases shown here illustrate that for some small beam spot,
the usual outputs of QPDs do not provide enough information to deter-
mine the exact location. Here both case a and b show the data beam to
be in the same QPD, but are not misaligned with identical characteris-
tics

erate this misalignment will depend on the system require-
ments, beam profile, data transmission rate, and size of the
active devices. It is clear that QPDs offer more advantages
for locking the beam to the center of the photodetectors with
high accuracy at the cost of lengthy scan-and-search mech-
anism.

5 Simulation details and results

In this section, we describe the detailed simulation that we
performed for the two designs we discussed in this paper
and analyze their respective impact on the overall system.
For the simulation of beam alignment mechanism using
both SQPDs and QPDs, 100 points are randomly generated
with initial positions designated with coordinates (x0, y0),
where x0 and y0 vary between a margin of ±150 µm. Each
point is considered as the initial position of the Gaussian
beam spot. In general, both SQPD and QPD methods have
their distinctive ways of monitoring and recording the ini-
tial beam positions, and track the beam to compensate for
the misalignment. The simulation records the number of
steps to move each beam to a final aligned position at the
center of the DPD. For both simulation methods, we as-
sume that the beam has the Gaussian profile with a radius
of 20 µm and the SQPD and QPD have a total size of
300 µm × 300 µm.

SQPD simulation method Our simulation strategy is to
generate some random positions of beam centers and cor-
relate them to the SQPD power reading. We first define co-
ordinates for each strip in an SQPD. For example, Fig. 8
shows segment 1 and 2 of strip R (as shown in Fig. 5),
where R1 and R2 are defined by the range: 0 < x < 40 and

Fig. 8 Correlation between the initial beam positions and SQPD read-
ings. Initial beam center position is (x0, y0). The beam is represented
by a circle with radius of 20 µm around (x0, y0) and it contains 100 dots
with a distribution similar to a Gaussian beam profile (lower concen-

tration of dots at the edge of the circle). By counting number of points
inside each SQPD region (R1 and R2 in this figure), a correlation with
the absorbed power in the SQPD can be made. A red spot on the SQPD
(right figure) shows the position of the beam
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Fig. 9 Correlation between the initial beam positions and QPD read-
ings. Initial beam center position is (x0, y0). The beam is represented
by a circle with radius of 20 µm around (x0, y0) and it contains 100
dots with a distribution similar to a Gaussian beam profile (lower con-

centration of dots at the edge of the circle). By counting number of
points inside each QPD region (Q1 and Q2 in this figure), a correlation
with the absorbed power in the QPD can be made. A red spot on the
QPD (right figure) shows the position of the beam

40 < x < 80, respectively. The beam is represented by a cir-
cularly shaped Gaussian beam of radius 20 µm. The beam
is represented by dots, each symbolizing a unit of optical
power and is spatially positioned to maintain a concentra-
tion gradient that resembles a Gaussian beam profile (high
concentration of power at the center). By counting the num-
ber of dots on each strip, the fraction of incident beam power
is estimated. For example in Fig. 8, 90% of the dots are lo-
cated in R2. Therefore R2 absorbs 90% of the beam power.
This piece of information is used in determining the pre-
cise location of the beam and a table similar to Table 1 is
used to determine the direction and magnitude of the beam
movement. This technique allows us to align the beam in
two steps using SQPD.

QPD simulation method We used a similar method as de-
scribed in the previous section for SQPD-based beam align-
ment. Here we move the beam in steps of 5 µm in lateral
direction until the power reading on both Q1 and Q2 are
identical. Similar vertical and subsequently horizontal beam
movement help in positioning the beam at the center of the
QPD. The total number of movement is the sum of the steps
in both vertical and horizontal direction.

Figure 10a shows that a SQPD aligns a misaligned beam
in only two steps for any random location. On the other
hand, a QPD requires a larger number of steps for beam
alignment, with a mean of 18.25 steps and a large standard
deviation of 6.38 steps. However, there is a trade-off be-
tween number of steps for beam alignment and the resid-
ual misalignment. Although SQPD allows a faster align-
ment of a misoriented beam in only two steps, it could re-
sult in an average misalignment of ∼8 µm, greater than that
of a system built with QPD, which is 5.6 µm as shown in
Fig. 10b. The standard deviation of residual misalignment
of SQPD is 4.42 µm, which is also greater than that of QPD
(0.73 µm).

A comparison of average power absorption in data photo-
diodes (DPDs) in free-space links based on QPD and SQPD
does not show a discernable difference. Simulation results
presented in Fig. 10c shows ∼76% average absorption in the
DPDs for a link with QPD and ∼75% average absorption for
a link build with SQPDs—a mere 1% difference between
the average powers. Although these values are very close,
the absorption in DPDs in a link based on SQPD has four
times larger standard deviation (∼8%) than that of QPDs
(∼2%). The minimum absorption in the DPDs is ∼67% for
a SQPD-based link (acceptable range of power absorption)
and it can go as high as 100% ideally. On the other hand,
the QPD counterpart offers a DPD absorption between 70%
to 80%. All these results indicate that SQPD is preferable
for a stable system performance, although there is a trade-
off between ease of alignment and residual misalignment.

6 Conclusion

We presented an integrated receiver design for high-speed
free-space optical interconnects for data transmission be-
tween two servers and/or computers. Different configura-
tions for the multielement receiver arrays that consist of
high-speed data photodiodes and beam tracking quadrant
photodiodes (QPDs) are discussed. A new beam tracking
mechanism, termed strip quadrant photodiode (SQPDs), is
developed for accurate beam tracking when the beam spot
is very small. Related calculations, assumptions and algo-
rithms for beam tracking are provided. Simulations of links
with QPD- and SQPD-based alignment mechanisms are pre-
sented and a SQPD-based link is found to be more ro-
bust. The devices may contribute to a rack-to-rack, board-
to-board, and eventually chip-to-chip interconnects making
free-space optical links an engineering reality with accept-
able cost-to-performance ratio. This detection mechanism
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a

b

c

� Fig. 10 (a) Number of steps vs. event counts for initial beam position.
X-axis represents a total of 100 events. For each initial beam position,
SQPD and QPD are used to align the beam to the center position. The
number of steps for SQPD and QPD to align the beam are recorded
and plotted. The Y -axis corresponds to that number of steps. The sim-
ulation suggests that irrespective of the initial beam position, it takes
two steps for aligning using a SQPD, but the steps for aligning using
a QPD varies from 3 to 33 steps. (b) Residual misalignment vs. event
counts for initial beam position. For each initial beam position, SQPD
and QPD are used to align the beam to the center position. The distance
between the final beam position and the origin are plotted in the Y -axis
for both SQPD and QPD based alignment methods. The results suggest
that QPD will align a beam with an average of 5 µm misalignment.
SQPD, on the other hand, will have a misalignment ranging between
0 to 15 µm. (c) Power absorption (%) vs. Event count for initial beam
position. For each initial beam position, SQPD and QPD are used to
align the beam to the center position. Subsequently, the power absorp-
tion for a square shaped data photodiode with a size of 50 µm × 50 µm
is calculated. The figure suggests that QPDs result in consistent power
absorption of ∼75%; ranging between 70% to 80%; whereas a link
with SQPDs demonstrates power absorption between 67% to 100% in
the data photodiodes. A quantum efficiency of 100% is assumed in this
simulation

can be applied not only in free-space optical interconnects
for beam tracking, but also in enhancing the performance
of vision-based real-time tracking systems as well as auto-
mated robotic systems.

Acknowledgement The work at UC Davis was supported by
Hewlett-Packard Company and National Science Foundation (CA-
REER Grant #0547679).

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution Noncommercial License which permits
any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.

References

1. L. Roberts, Packet networks, presented at the SIGCOMM’99,
Boston, MA, Aug. 1999

2. N. Savage, Linking with light. IEEE Spectrum 39(8), 32–36
(2002)

3. D.A. Gilliland, Server cooling and exhaust appendage system. US
2007/0190920 A1, Feb 15, 2006

4. S.W. Montgomery, W. Berry, M. Engineer, High-density architec-
ture meets electrical and thermal challenges. Intel Developer Up-
date Magazine (2002)

5. M. Gerken, G. Luichtel, Free-space, laser-based data transmission:
satellite communication as a technology driver for the develop-
ment of fast, reliable terrestrial data networks. Proc. SPIE 6975,
697508 (2008)

6. V.W.S. Chan, Optical satellite networks. J. Lightw. Technol.
21(11), 2811–2827 (2003)

7. X. Zhu, J.M. Kahn, Free-space optical communication through
atmospheric turbulence channels. IEEE Trans. Commun. 50(8),
1293–1300 (2002)

8. N. Cvijetic, S.G. Wilson, R. Zarubica, Performance evaluation of
a novel converged architecture for digital-video transmission over
optical wireless channels. IEEE/OSA J. Lightw. Technol. 25(11),
3366–3373 (2007)



1088 F. Wu et al.

9. G.I. Yayla, P.J. Marchand, S.C. Esener, Speed and energy analysis
of digital interconnections: comparison of on-chip, off-chip, and
free-space technologies. Appl. Opt. 37, 205–227 (1998)

10. X.Z. Zheng, P.J. Marchand, D.W. Huang et al., Optomechanical
design and characterization of a printed-circuit-board-based free-
space optical interconnect package. Appl. Opt. 38(26), 5631–5640
(1999)

11. W.H. Wu, L.A. Bergman, A.R. Johnston, C.C. Guest, S.C. Esener,
P.K.L. Yu, M.R. Feldman, S.H. Lee, Implementation of optical
interconnections for VLSI. IEEE Trans. Electron. Dev. 34, 706–
714 (1987)

12. J.A. Anguita, I.B. Djordjevic, M.A. Neifeld, B.V. Vasic, Shannon
capacities and error-correction codes for optical atmospheric tur-
bulent channels. OSA J. Opt. Netw. 4(9), 586–601 (2005)

13. M. Uysal, J. Li, M. Yu, Error rate performance analysis of coded
free-space optical links over gamma-gamma atmospheric turbu-
lence channels. IEEE Trans. Wirel. Commun. 5(6), 1229–1233
(2006)

14. M. Mansuripur, G. Sincerbox, Principles and techniques of optical
data storage. Proc. IEEE 85(11), 1780–1796 (1997)


	Integrated receiver architectures for board-to-board free-space optical interconnects
	Abstract
	Introduction
	Receiver design with integrated quadrant photodiodes (QPDs)
	Receiver design with strip quadrant photodiodes (SQPDs)
	Design comparison
	Simulation details and results
	SQPD simulation method
	QPD simulation method

	Conclusion
	Acknowledgement
	Open Access
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




