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BIT-ERROR-RATE MONITORING
FOR ACTIVE WAVELENGTH CONTROL

OF RESONANT MODULATORS
..........................................................................................................................................................................................................................

A NEW METHOD USES BIT-ERROR-RATE MEASUREMENTS TO ACQUIRE AND STABILIZE THE

WAVELENGTH OF AN OPTICAL RESONANT MODULATOR TO AN OPTICAL CARRIER WAVE.

THIS IS ATTRACTIVE BECAUSE IT USES THE PERTINENT METRIC, BIT ERROR RATE, TO

OPTIMIZE THE MODULATOR RESONANCE INDEPENDENT OF OTHER SYSTEM VARIATIONS,

MEANING IT CAN COMPENSATE FOR SYSTEM AGING AND DRIFT EVEN IN THE HEATER

ELEMENT ITSELF.

......Optical interconnections can sig-
nificantly reduce the power dissipation and
greatly increase the aggregate connection
bandwidth in high-performance systems.
These include multiprocessor digital com-
puters and data centers with silicon pho-
tonics stacked on CMOS1 or directly
(monolithically) integrated with CMOS on
chip2,3 and intrasatellite communications
for supporting ultra-high-bandwidth data
links from large focal plane arrays to digital
signal processing engines.4 Silicon photonic
microring and microdisk modulators for
the transmit side of the links are an active
area of research5-7 because they’re compatible
with silicon electronics processing and have
been demonstrated at data rates higher
than 10 Gbits per second (Gbps) with
sub-10 fJ/bit switching energies.6,7

A key problem for these devices, however,
is control of the resonant optical wavelength,
which varies as a function of fabrication toler-
ances (such as thickness and litho/etch bias),8,9

temperature, and optical incident power.10

This article presents a new method of tun-
ing a resonant optical modulator’s wavelength
to match the incident carrier wavelength
(about 1,550 nm). We use independent
logic one and logic zero bit errors from a
local receiver and simple logic circuitry to
drive an integrated microheater that adjusts
the device’s temperature. As a result, we
make the feedback loop independent of
heater aging or other link parameters that
could change over time or environmental
conditions. The feedback loop will inherently
compensate for all sources of variations over
the system lifetime because it looks at what
we care about—the bit errors. Additionally,
the system can initialize the link. The resona-
tor can be off resonance and the feedback
loop will cause heating of the resonator
until the laser line is found (providing of
course that the desired resonant wavelength
is at a longer wavelength than the unheated
resonator’s frequency).

We designed the system to compare the
data stream coming from the modulator as
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detected by a local receiver against what the
electronic driver sent to the modulator for
imprinting on the carrier wave. This is
done using two stages of logic. The first is
an XOR gate that decides if there was an
error, and the second is an AND gate that
determines the type of error. We define 0
errors as events in which a 0 was sent to
the modulator and a 1 was detected. We de-
fine 1 errors as the opposite; a 1 was expected
but a 0 was received. By accumulating the
errors, we can determine on which side of
the resonance the carrier wave resides (we
demonstrate this using simulation results).
Some other logic-gate implementations pro-
vide the same basic logic functionality and
might be slightly more power efficient or
simpler, substituting inverters and AND
gates for the XOR and AND, for example.

To test our approach, we used an inte-
grated resonant heater modulator device11

operating at 3.125 Gbps with a field-
programmable gate array (FPGA) and exter-
nal receiver driving the control loop. Our
results show a tuning range of at least
15�C to 32�C (�1.4 nm). No dithering or
calibration is required; the technique isn’t
susceptible to sensor aging, and it can com-
pensate for long-term drift in the modulator
and link characteristics. (For information on
other approaches, see the ‘‘Related Work in
Modulator Wavelength Control’’ sidebar.)

System overview
Figure 1 shows the transmitter side of the

link, including the local receiver used to
monitor the bit errors generated due to mis-
alignment of the modulator’s resonant wave-
length with the incoming wavelength. The
output optical signal is also routed to the
‘‘link’’ receiver shown in the upper right.
Importantly, the local receiver must have
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Related Work in Modulator Wavelength Control

Previous efforts involving silicon photonic microring and microdisk

modulators have focused on controlling the resonant optical wavelength.

Heaters have been successfully integrated with microring and microdisk

filters and modulators.1-4 Researchers have also demonstrated closed-

loop control circuits to stabilize the wavelength.1,5-7 DeRose et al. inte-

grated a heater and sensor with a modulator to stabilize its wavelength,1

but the device didn’t perform as a modulator. Other drawbacks to this

type of method are that the sensor and other link components age

over time, the background thermal environment is sampled, and every

sensor and modulator must be precalibrated and recalibrated. Other

researchers have demonstrated a wavelength stabilization loop, which

assesses the received power versus wavelength.5,6 Qui et al. used a

dual resonator to match power levels, using scattered light levels as

the detection mechanism for locking.7 However, locking power levels

for a modulator only gives an indirect measure of the optimum resonant

wavelength position. Each of these techniques lacks the ability to look at

the end result of all the factors that affect the bit error rate (BER) and

generate a feedback signal that includes those inherent degradations

to the performance and correct them.

Other options to improve the error rate and mitigate the wavelength

shift might include feed-forward equalization (FFE) and decision feedback

equalization (DFE). These methods rely on changing the drive strength

(FFE) or the decision threshold in the receiver (DFE) on the basis of

data sent and received data streams. This can improve the error rate

while the resonator is locked, but these methods do not maintain a res-

onant frequency (although they could add some margin together with a

resonant locking scheme like the one we describe in the main article).

Engineers can certainly use these methods to train a link and preadjust

parameters for known distortions arising from strings of one or zero

emphasis.
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higher noise characteristics than the link re-
ceiver so that it is generating errors, which
the control loop uses, while the link receiver
is error free. The electrical data is routed to
the modulator and to the logic gates that de-
tect the bit errors. A continuous wave (CW)
laser source is connected to the modulator’s
optical input. The signal from either the
drop port or an output tap is routed to an
integrated photo receiver. We believe that a
drop port on the modulator is the ideal solu-
tion because no local filter alignment is nec-
essary. The output from the local receiver is
routed to a circuit that performs a threshold
(comparator) operation to determine wheth-
er the received bit is a logic zero or one. The
circuit must be sampled with the clock signal
to generate the digital signals, but does not
need a clock recovery circuit because the
clock is local to the circuit; the transmitter
and logic use the same clock.

After the decision (thresholding) circuit,
the signal is routed to an error detector
that compares the received data against the
data that was transmitted and determines
when errors are made. The circuits that

detect logic one and zero errors are XOR
and AND gates. The modulator output is
also routed to the interconnect receiver
with better noise characteristics, ensuring
that the interconnection link will be error
free when the algorithm is functioning.

Simulation
Figures 2a to 2e provide an overview from

a simulation of the modulator’s operation as
a function of both wavelength and tempera-
ture in the upper set of plots and the paired
eye diagram in the middle set of plots. The
upper plot is a spectral representation of
the modulator Lorentzian resonance and a
193-THz (1,550 nm) CW laser carrier
wave at a relative frequency on the plot of
zero. We show two resonances for each.
The higher frequency is the modulator bi-
ased with a 0-V bias, and the lower frequency
is the modulator biased with a 2-V reverse
bias. In our experiment, the bias levels were
approximately 0.5-V forward biased and
0.5-V reverse biased so that we could drive
the modulator directly with the LVDS out-
put from the FPGA, but the basic operation
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sees no errors by using the control loop to keep the modulator aligned to the carrier wave.

Ideally, the modulator will have a drop port that will be used to send data to the local receiver.
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of the control method is independent of ex-
actly how the modulator is biased. The two res-
onances represent the wavelength shift in the
modulator resonant frequency as a function
of applied voltage that occurs because of
the carrier-induced index of refraction changes
described, for example, by Watts et al.12

This voltage is the modulating voltage. The
second action is the resonance’s movement
toward the laser line with increased tempera-
ture and is represented with the progression
of figures with temperature in five steps.

At the beginning of the sequence, the res-
onance is far from the laser line, so a series of
1’s is imprinted on the carrier wave that trav-
els via waveguide to the receiver. The input
signal to the modulator has nearly equal
numbers of 1’s and 0’s. As the resonator is

tuned so that the carrier wave aligns with
the resonance at reverse bias, an eye begins
to appear (Figure 2b) until it is fully open
with noninverted data at point 3 (Figure 2c).
If the resonator is tuned beyond the carrier,
a corrupted eye is sent until finally the data
is inverted on the other side of the resonance
with a well-shaped, but symbolically incor-
rect eye. Further tuning will result in off-
resonance operation and a series of 1 symbols.
Silicon resonators’ sensitivity to temperature
is approximately 10 GHz/�C. The tuning
operation naturally favors the red side of
the resonance (lower frequency side), which
has a steeper slope and therefore greater ex-
tinction ratio.13

Figures 2f and 2g are both error maps
showing what is occurring in the receiver
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Figure 2. Simulations of our method. A simulated demonstration of the resonance’s progression during tuning to higher

temperature and lower frequency (a�e). The frequency offset is in gigahertz. An error map shows what occurs in the

receiver during tuning using the number assignments from the resonance plots in Figures 2a to 2e (f�g). The total

1 and 0 errors are shown along with their difference (three times logic 1 errors minus the logic 0 errors) illuminating the

data-stability points along the progression with labeling, which relate the points back to the resonance positions in

Figures 2a to 2e. Finally, we show the stable locking response (h).
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during tuning using the number assignments
from the resonance plots in Figures 2a to 2e.
Again, a 0 error is what happens when a 0 is
sent and a 1 is received, and vice versa for 1
errors. The progression shows that initially
all errors are 0 errors that begin to lessen at
point 2, followed by optimization at point 3,
an increase in 0 and 1 errors at point 4,
and finally, all data are in error at point 5 be-
cause the data is inverted. At point 4, there
are a similar or equal number of 1 and 0
errors, so the logic implementation requires
proper weighting of the errors to allow tun-
ing of the resonator in the cooling sense
toward the optimum. We found that weight-
ing 1 errors three times provides good
performance.

Figure 2g shows the heater driving
function, the 0 errors minus three times the
1 errors as a function of detuning. Values
above zero correspond to an increase in
heat being applied, and values below zero
correspond to a decrease in heat being ap-
plied. Importantly, there is an operating
range of several degrees above the optimum
point where the control loop will continue
to operate. However, if the device is heated
beyond the point where the forcing function
becomes positive again, the circuit must au-
tomatically recycle the process.

Figure 2h shows a simulation of the mod-
ulator’s temperature as a function of time
under an initial temperature detuning of
30�C. The low amplitude ringing that hap-
pens as lock is achieved further supports
the thesis that the system is stable under
locking.

We performed these simulations in Mat-
lab Simulink. In the simulation, the modula-
tor’s frequency response was approximately
10 GHz/�C. We set the heater’s frequency
response to 1 MHz, and the local receiver
bit error rate (BER) was approximately
10�4. The tuning range of 30�C was limited
by the current through the heater. We per-
formed simulations with a 27�1 pseudoran-
dom pattern.

Thus, if the modulator temperature is ini-
tially less than the desired temperature, the
control loop will apply an increasingly posi-
tive signal to the heater and heat up the de-
vice. When the number of errors is about
equal, just to the left of the resonance on a

frequency plot, the positive and negative
stimulus to the control loop will cause the
device to settle near its optimum wavelength.
Extra weighting on the logic 1 errors keeps
the operating point from climbing up the
curve to the right of the resonance where
the 1 and 0 errors are comparable, but rap-
idly increasing.

FPGA-implemented logic block
We performed our tests using a Virtex 6

FPGA-mounted on a commercially available
ML605 board. We designed the logic around
a 3.125-Gbps signal primarily because of the
board performance and availability of low-
jitter crystal oscillators for clocking at that
speed. The 3.125-Gbps signal is received
from the modulator and is demultiplexed
down to a 32-bit-wide signal running at
97.6 MHz, and it follows three paths in
the FPGA.

We split the received signal into three paths
(P1, P2, and P3) in the FPGA (see Figure 3).
The first two are primarily to match the pat-
tern. On start-up, the modulator device ini-
tially imprints only logic 1’s. The device is
initially heated until there is roughly an
equal number of 1’s and 0’s (P2) so that
there is a discernible pattern that can be
matched to the desired pattern by shifting
one bit at a time (P1). Once the pattern is
matched, P3 measures the bit errors and
does the fine-temperature tuning described
earlier, required to optimally adjust the reso-
nant wavelength.

P1 takes the incoming data to a pattern
comparator. This is a bank of look-up tables
(LUTs) that compare the incoming pattern
to the known sent pattern in memory and
goes to a logic 0 when a match is found.
This signal, Spl, determines the state of the
logic (which we describe later). As long as
Spl is high, a counter increments the output,
Dml, of a RAM block that scans through 16
different starting points of the test pattern,
which in this case is a 16-bit repeating pat-
tern (0100011110111000). When a match
is found, the counter ceases, Spl goes low,
and Dml is frozen to the matched sequence.
A pattern match is needed to properly imple-
ment the bit error control logic, LBER, in the
second logic path. Dml is routed into the
LBER block, although it isn’t useful until
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lock is achieved. This method of pattern
matching would also work with a buffer for
random data such as exists in a real link.

P2 is routed into logic called Lsum, which
simply counts the total number of 1 values
received. Lsum is a coarse locking mechanism

that operates on the assumption that with
any data stream there are approximately
equal numbers of 1’s and 0’s. Lsum counts
the number of 1 values using an accumulator
for 32,000 bits, 10.24 ms, or 1,000 clock
cycles, Ps, referred to as the sampling period.

[3B2-9] mmi2013010042.3d 23/1/013 14:52 Page 47

5
0
 o

h
m

3
2
-b

it
-w

id
e
 b

u
s

Pattern

compare

LUT

Counter
(used to select
start bit of the

compared
pattern)

RAM
(contains

progressive
bit shifts as

selected
by the counter)

XOR  AND

SUM
sums Terr
and also
Tzero

Accum.
over
Ps

Decision
LUT

(increment,
decrement,

or hold)

MUX

SUM

Accum.
over
Ps

Decision
LUT

(increment,
decrement,

or hold)

Counter Compare

LPF

GND

O
ff
 o

f 
M

L
6
0
5
 b

o
a
rd

Modulated pulse width

A
n
a
lo

g

Heater

(integrated

into
modulator)

Differential

receiver

97 GHz SerDes

clock

3
.1

2
5
 G

b
p

s

p
a
th

 2

p
a
th

 3

path 1

Spl

LBER

LSUM

S
ig

n
a
l

F
ro

m

M
o
d

u
la

to
r

Figure 3. The internal logic blocks of the experimentally implemented locking loop. Path 1 leads to a pattern-matching

block that, when locked, allows the feedback loop to operate using the bit error control logic, LBER, which allows for

precise locking of the resonance. Until Spl goes high, with the correct pattern, we use a simple summing block to

approximate the optimum locking point.

....................................................................

JANUARY/FEBRUARY 2013 47



At the end of Ps, the total number of 1’s is
assessed using the LUTs. If the total is
above 17,000 or below 15,000, the value
that drives the heater is incremented or
decremented, respectively. For values in be-
tween, the heater retains the previous value.
Lsum is the logic that drives the heater until
Spl goes low, at which point LBER takes
over. The logic in Lsum is necessary for initial
coarse locking so that the pattern searching
done in P1 can occur. This allows a pattern
to be found and subsequently enables the
next path, P3.

The third path, LBER, contains the XOR
and AND gates we described earlier and out-
puts the total 1 errors, Tone, and the total 0
errors, Tzero, to two different accumulators
over Ps. At the end of Ps, a comparator
weights Tone three times heavier than Tzero

and decides which direction the heater
should increment, or if it should stay the
same. For sampling periods that generate
less than four errors (BER about 10�4),
incrementing the counter is disabled. This
logic could also be instantiated with a state
machine, but a simple LUT implementation
uses fewer logic resources.

The output of either Lsum or LBER feeds
into a comparator depending on the value
of Spl, which selects either Lsum or LBER

through a multiplexer (MUX). This compa-
rator goes to logic 0 when an adjacent
counter hits the value determined from the
logic we described earlier, yielding a varying
digital pulse length. This output connects to
a low pass filter that converts the digital pulse
length to an analog voltage level for the on-
device heater. The full pulse length is 330 ns.

The block Lsum can be eliminated because
the LBER block could be fed a series of 0’s
until lock is achieved and a pattern is avail-
able to match against. Also, the transmitter
in our experiment (not shown in the logic
block) gets its data from a static 16-bit pat-
tern. In a field implementation, truly ran-
dom data is used, but locking to random
data would be similar because the sent data
can be stored in memory for a determined la-
tency while locking is achieved.

In an integrated solution, we could poten-
tially eliminate the pattern-matching cir-
cuitry. The delay and delay variations from
the local modulator output, through the

local receiver and decision circuit, could be
relatively small for a low-capacitance simple
receiver. If the delay and delay variations
over time and temperature are small enough,
the delay difference between the received
data and the copy of the signal that feeds
the modulator can be bounded to within a
bit time. In this way, the bits between these
two signals can always remain aligned.

Experimental demonstration
To test the circuit, we used an integrated

resonant silicon heater-modulator shown in
Figure 4.11 Figure 4a is a schematic that
shows the modulation section connected to
heavily doped P and N contacts on the left
side of the device. This side of the device
imprints the microwave signal on the carrier.
The right side of the device is a simple resistive
heater fabricated using our standard N-type
doping. Figure 3b is a scanning electron
micrograph (SEM) of the device showing
the tungsten contacts to the modulator.
Two of the metal lines are missing because
they delaminated during sample preparation.
The oxide strip in the center of the device is
present for electrical isolation of the heater
circuit from the modulation circuit. We
designed the modulator to operate using a dif-
ferential drive, as shown in Zortman et al.14

Figure 5 shows the test setup. The device
was mounted on a thermoelectric cooler
(TEC). The local receiver was a Nortel tran-
simpedance amplifier (TIA) with a transi-
mpedance of approximately 500 ohms and
a 3-dB bandwidth of 11 GHz. We amplified
the optical signal coming off the chip using
an erbium-doped fiber amplifier (EDFA).
This was necessary because the fiber-to-chip
coupling losses are a total of about 20 dBm.
We then divided the signal using a 3-dB split-
ter with half the signal going to an Agilent
DCA-X sampling scope and the other half
routed into the receiver. We attenuated the
receiver signal electrically by 6 dB (50 percent
of the incoming voltage) to set the logic
threshold and then routed this into the
FPGA receiver. The FPGA receiver input is
differential, so the unused side was termi-
nated with 50 ohms.

The external laser was initially set to a
wavelength—0.5 nm, 1 nm, or 2 nm—below
the optimum (approximately 1,550 nm).
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Before we enabled the control loop, we
observed no visible pattern from the device
output. When the control loop was enabled,
the device was heated and we observed the
correct bit stream on the data output, as
shown in Figures 5c to 5e. The eye diagrams
shown are for locking when the laser is 500 pm,
1 nm, and 2 nm from optimal, respectively.
The closure and amplitude change in the eye
diagrams have been observed,11 and this
results from imperfect electrical isolation of
the heater in the heater modulator. We do
not believe this is inherent in the locking
mechanism.

We performed further experiments to test
the feedback loop for changes in a hypotheti-
cal system during data transmission. We
tuned the laser in 10-pm steps from 1,551
to 1,553 nm and back again, and the device
resonance tracked the input laser’s wavelength
shift by tuning the device temperature about
25�C. This would apply to changes in the
carrier-wave frequency. Although mechanisms
for controlling carrier-wave lasers are robust,
such a capability could provide flexibility for
channel reconfigurability in future systems.

In a third experiment, we varied the de-
vice temperature using the TEC. We
increased the temperature 16�C over two
minutes (about 0.13�C/s, the TEC’s tuning
speed limit), followed by a 16�C drop
from its initial temperature. In both cases,
lock was maintained with no observed insta-
bility in the eye diagram. This demonstration
shows the ability to compensate for what are
likely environmental challenges for silicon
photonics intimately integrated with the
varying thermal environment of silicon
microprocessors. The thermal range was lim-
ited by the TEC.

F uture work on this system includes the
need for a more detailed understanding

of the power dissipated in the photonics and
electronics. The power consumption and
dissipation consists of the power in the local
receiver, logic, microheater driver, and the
microheater itself. We believe that the
dissipation can be dominated by the micro-
heater if we can sufficiently reduce the
power of integrated receivers. Estimating
some of the parameters gives an idea of the
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power consumption we can expect to be
added to a link by using this control loop.
We expect that the electronics (register,
decision, and accumulation) will consume
35 fJ/bit based on simulations of the 30
gates needed for these functions. The
conversion to the analog domain should
add another 10 fJ/bit. For the receiver, our
group has a goal of 10 fJ/bit, although no
demonstration of this is yet available. The
heater itself requires 70 fJ/bit if we assume
that the maximum amount of tuning
required will be to the next point on a
100-GHz wavelength division multiplexing
(WDM) grid. According to these estimates

at a 10 Gbps data rate, we believe that an
additional 125 fJ/bit will be needed for this
system. Implementing this system in in-
timate integration with the modulator and
reducing the logic will allow a full under-
standing of the power required and enable
better comparisons for system designers as
they consider alternatives.

Because our demonstration showed the
ability of our method to support system ini-
tialization, it should be possible to do this for
many channels and to reconfigure resonators
to different channels with small changes to
the logic. Additionally, BER measurement
and comparisons of the local and remote
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Figure 5. Experimental setup and results. A carrier wave from a tunable laser is imprinted with a microwave signal at the
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split between the sampling scope and the FPGA board. The signal into the board is attenuated by 6 dB to decrease the

signal-to-noise ratio and provide finer tuning (a). A picture of the setup with the FPGA board on the left connected to the

modulation device through the SMA microwave cables. The heaters are driven with single-point probes. Other SMA cables

connect to clock monitors and the scope trigger (b). Data output from heating the device. The laser is set at 500 pm (c),

1 nm (d), and 2 nm (e) from resonance.
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receiver using 231�1 pseudorandom bit
stream data, or real data such as a video
stream, at 10 Gbps will further establish
this method as a viable solution for future
systems. The heater and modulator them-
selves require further investigation as to
their operability and reliability across the
range of temperatures in CMOS systems.

Finally, we plan to develop and improve
the link’s control coefficients. We can do
this in a few ways. One is to investigate
link stability and locking time by attenuating
the signal into the feedback electronics. Fur-
ther investigation will also include the logic
itself. Because we are using pulse-width mod-
ulation, we can achieve finer resolution tim-
ing simply by expanding the output driver
bus to include more bits. We expect that as
the control coefficients are developed they
will vary with data rate and between periods
where the link is active and inactive. MICR O
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