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THERMOELECTRIC-COOLER-BASED TEMPERATURE

CONTROLLERS HAVE SOME UNUSUAL REQUIREMENTS.

THEY ACCOUNT FOR CIRCUIT- AND THERMAL-DESIGN

CHARACTERISTICS TO PROVIDE CLIMATIC PAMPERING

FOR TEMPERAMENTAL LASERS.

Continued demands for increased bandwidth
have resulted in the deployment of fiber-optic-
based networks. Solid-state lasers drive these

fiber-optic lines, which can provide high informa-
tion density. Highly packed data schemes such as
DWDM (dense-wavelength-division multiplexing)
involve driving a fiber with multiple lasers to obtain
large, multichannel data streams. The narrow chan-
nel spacing relies on precise control of laser wave-
length to within 0.1 nm. Lasers can provide this pre-
cision, but temperature variation influences
operation. The intensity of a laser peaks sharply ver-
sus wavelength, implying that control within 0.1 nm
of laser wavelength is necessary to maintain per-
formance (Figure 1a). A typical laser wavelength-
versus-temperature plot exhibits a 0.1-nm/8C slope,
which means that, although temperature facilitates
tuning laser wavelength, the temperature must not
vary after the laser wavelength has stabilized (Figure
1b). Typically, temperature control of 0.18C is nec-
essary to maintain laser operation well within 0.1
nm.

A temperature controller for
this application must meet some
unusual requirements.
Most notably, because of
ambient-temperature variations
and laser-operation uncertain-
ties, the controller must either
source or remove heat to main-
tain control. Peltier-based TECs
(thermoelectric coolers), permit
this type of control, but the con-
troller must be truly bidirection-
al. The controller’s heat-flow con-
trol must not have a dead zone or
untoward dynamics in the “hot-
to-cold” transition region. Addi-

tionally, the temperature controller must be a pre-
cision device that can maintain control well inside
0.18C over time and temperature variations. Laser-
based-system packaging is compact, so that size with
efficient operation is important to avoid excessive
heat dissipation. Finally, the controller must operate
from a single low-voltage source, and the controller’s
power delivery—presumably a switched-mode
type—must not corrupt the supply with noise.

TEMPERATURE CONTROLLER MEETS UNUSUAL DEMANDS

The TEC temperature controller in Figure 2 meets
these demands. The circuit includes the input, which
includes a DAC and thermistor; a controller stage;
and the output stage, which includes the TEC. The
LTC1658 DAC, IC

1
, and the thermistor form a bridge,

and IC
2
amplifies the output. The LTC1923 controller,

IC
3
, is a PWM that provides appropriately modulat-

ed and phased drive to the power-output stage.
The laser is an electrically delicate and expensive

load. As such, the controller provides a variety of
monitoring, limiting, and overload-protection ca-
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The peak intensity of a laser approaches 40 dB within a 1-nm window (a), and
laser wavelength varies by approximately 0.1 nm/88C (b). A typical application
requires wavelength stability within 0.1 nm, mandating temperature control.
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pabilities: soft-start and overcurrent pro-
tection, TEC-voltage sense, cur-
rent sense, and “out-of-bounds”
temperature sensing.Aberrant operation
results in circuit shutdown, preventing
laser-module damage. Two other fea-
tures promote system-level compatibili-
ty. A PLL-based oscillator permits reli-
able clock synchronization of multiple
controller ICs in multilaser systems.

Finally, the switched-mode power de-
livery to the TEC is efficient, but special
design considerations are necessary to
ensure that switching-related noise does
not reflect back into the host’s power
supply. The controller includes edge slew
limiting, which minimizes switching-re-
lated harmonics by slowing down the
power stages’ transition times. This fea-
ture greatly reduces high-frequency har-
monic content, which prevents excessive
switching-related noise from corrupting
the power supply or the laser (Reference
1). The switched-mode-power-output
stage, an H-bridge type, permits efficient
bidirectional drive to the TEC, allowing
either heating or cooling of the laser. The
thermistor, TEC, and laser, which the
manufacturer packages as one module,
have tight thermal coupling.

The DAC allows you to adjust the tem-

perature setpoint to any individual laser’s
optimum operating point, which manu-
facturers normally specify for each laser.
Controller gain and bandwidth adjust-
ments optimize the thermal-loop re-
sponse for best temperature stability.

THERMAL-LOOP CONSIDERATIONS

The key to high-performance temper-
ature control is matching the controller’s
gain bandwidth to the thermal feedback

path. Theoretically, this matching is a
simple matter using conventional servo-
feedback techniques. Practically, the long
time constants and uncertain delays in-
herent in thermal systems present a chal-
lenge. Both servo systems and oscillators
are feedback systems, but one is supposed
to oscillate, and the other is not. This un-
fortunate relationship is very apparent in
thermal-control systems.

A model of the thermal-control loop

A TEC temperature controller includes a DAC, IC1; a thermistor-bridge amplifier, IC2; a switched-mode controller, IC3; and a power output H-bridge.
The DAC establishes the temperature setpoint, and you use a gain adjustment and compensation capacitor to optimize loop-gain bandwidth.
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A simplified TEC control-loop model uses resistors and capacitors to represent thermal resistance
and capacity, respectively. To avoid instability, the servo amplifier’s gain bandwidth must take the
lumped delay of the thermal terms into account.
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is simply a network of resistors and
capacitors (Figure 3). The
resistors are equivalent to
the thermal resistance, and the ca-
pacitors are equivalent to thermal
capacity. In Figure 3, the TEC,
TEC-sensor interface, and the sen-
sor all have RC factors that con-
tribute to a lumped delay in the
system’s ability to respond. To pre-
vent oscillation, gain-bandwidth
limiting is necessary to account for
this delay. Because high gain band-
width is desirable for good control,
delays need to be as low as possible.
Laser-module purveyors presum-

ably address this issue during man-
ufacturing.

The model also includes insula-
tion between the controlled envi-
ronment and the uncontrolled am-
bient. The function of insulation is
to keep the loss-rate low so that the
temperature-control device can
keep up with the losses. For any giv-
en system, the higher the ratio be-
tween the TEC-sensor time con-
stants and the insulation time
constants, the better the perform-
ance of the control loop (see sidebar
“Practical considerations in TEC-
based control loops”).

PRACTICAL CONSIDERATIONS IN TEC-BASED CONTROL LOOPS
A number of practical issues are
involved in implementing TEC
(thermoelectric-cooler)-based
control loops. These issues fall
within three loosely defined cate-
gories: temperature setpoint, loop
compensation, and loop gain.

It is important to differentiate
between temperature accuracy
and stability requirements. The
exact temperature setpoint is
unimportant, as long as it is sta-
ble. Each individual laser’s out-
put maximizes at some tempera-
ture (FFiigguurree  11). You typically
increment the temperature set-
point until the laser reaches its
peak intensity. At this point, the
system requires only tempera-
ture-setpoint stability. For this
reason, thermistor tolerances are
5% on laser-module data
sheets. Thermistor stability over
time primarily determines the
temperature-setpoint stability
over years. Thermistor-time sta-
bility is a function of operating
temperatures, temperature cy-
cling, moisture contamination,
and packaging. The laser mod-
ules’ relatively mild operating
conditions are benign, promot-
ing good long-term stability. You
can typically expect thermistor
stability comfortably inside 0.18C
over years, assuming that the
laser module uses good grade
thermistors.

Components that determine
the temperature setpoint should
have adequate stability over time
and temperature. For example,
the 10-kV, 0.1% resistor in FFiigg--
uurree  22 should have a temperature
coefficient of 50 ppm/8C and,
preferably, 25 ppm/8C to tem-
perature-setpoint errors ap-
proaching 0.18C over ambient
temperature extremes.

An issue related to tempera-
ture setpoint is that the servo
loop controls the sensor temper-
ature. The laser operates at a
somewhat different temperature
from the sensor, although laser-
temperature stability depends on
a stable loop-controlled environ-
ment. The assumption is that the
laser’s dissipation constant re-
mains fixed, which is largely true.
This phenomenon also occurs in
the sensor’s operation. Strictly
speaking, the sensor operates at
a slightly higher temperature
than its nominally isothermal en-
vironment. The assumption is
that the sensor’s dissipation con-
stant remains fixed, which is es-
sentially the case. Because of this
fact, the sensor’s temperature is
stable.

The “dominant-pole” compen-
sation scheme of FFiigguurree  22 takes
advantage of the long time con-
stant from ambient into the laser
module (FFiigguurree  44). The loop gain

rolls off at a frequency low
enough to accommodate the
TEC-thermistor lag but high
enough to smooth transients ar-
riving from the outside ambient.
The relatively high time-constant
ratio between the TEC/thermistor
and the module insulation, which
ranges from less than 1 second
to minutes, makes this approach
viable. Attempts at improving the
loop response with more sophis-
ticated compensation schemes
encounter difficulty due to the
laser module’s thermal-term un-
certainties. Thermal terms can
vary significantly between laser-
module brands, rendering tai-
lored compensation schemes im-
practical or even deleterious.
Note that this restriction still ap-
plies, although less severely,
even for modules of “identical”
manufacture. It is very difficult to
maintain tight thermal-term toler-
ances in production.

The simple dominant-pole-
compensation scheme provides
good loop response over a range
of laser module types. This
scheme is the way to go.

Both electrical and thermal
gain terms set the loop gain. The
most unusual aspect of the loop-
gain issue is that the TEC gain dif-
fers for heating and cooling
modes. Significantly more gain is
available in heating mode, ac-

counting for the higher stability in
this mode (FFiigguurree  77). This higher
gain means that you should de-
termine loop-gain bandwidth
limits in heating mode to avoid
unpleasant surprises. (The sug-
gested loop gain and compensa-
tion values of FFiigguurree  22 reflect this
suggestion.) It is certainly possi-
ble to get cute by changing loop-
gain bandwidth with the mode,
but performance improvement is
probably not worth the ruckus.
The LTC1923’s “heat-cool” status
pin beckons alluringly. 

A TEC is a heat pump, and the
temperature across the TEC de-
termines its efficiency. Gain
varies with efficiency, degrading
temperature stability as efficiency
decreases. Thus, you should pro-
vide good coupling from the
laser module to a heat sink. Yes,
this means you should use that
messy white goop. A less obnox-
ious alternative is to use thermal-
ly conductive gaskets, which are
nearly as good. The small
amount of power involved does
not require large heat-sink capa-
bility, but adequate thermal flow
is necessary. Usually, coupling
the module to the circuit’s cop-
per ground plane is sufficient, as-
suming the plane does not al-
ready have a thermal bias.

The package thermal resistance and capacity set the ambi-
ent-to-sensor lag characteristic for a typical laser module.
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OPTIMIZE THE TEMPERA-
TURE-CONTROL LOOP

Temperature-con-
trol-loop optimiza-
tion begins with ther-
mal characterization
of the laser module.As
mentioned, the ratio
between the TEC-sen-
sor and insula-
tion time con-
stants is important.
Determination of this
information places re-
alistic bounds on achievable con-
troller gain bandwidth. When
you subject a typical laser mod-
ule to a 40°C step change in am-
bient temperature, the ambient-
to-sensor lag, measured in
minutes, exhibits a classic first-
order response (Figure 4). The
figure plots the laser module’s in-
ternal temperature, monitored
by its thermistor, versus time
with no power to the TEC.

You can characterize the TEC
sensor’s lumped delay by operat-
ing the laser module in Figure 2’s
circuit with the gain set at maxi-
mum and with no compensation
capacitor. The result is large-sig-
nal oscillation due to thermal lag
dominating the loop (Figure 5a).
This figure presents a great deal
of valuable information. When a
circuit “doesn’t work”because “it
oscillates,” whether at millihertz
or gigahertz, four burning ques-
tions should immediately domi-
nate the pending investigation:
What are the oscillation frequen-
cy, the amplitude, the duty cycle,
and the waveshape? The solution
to the problem invariably resides
in the answers to these queries.
Just stare thoughtfully at the
waveform, and the truth will
bloom.

In this case, the frequency,
which TEC-sensor lag primarily
determines, limits how much
loop bandwidth you can achieve.
The high ratio of this frequency
to the laser module’s thermal
time constant—the lag charac-
teristic in Figure 4—means that
simple, dominant-pole loop
compensation is effective. The

saturation-limited waveshape suggests
that excessive gain is driving the loop into
full cooling and heating states. Finally,
the asymmetric duty cycle reflects the
TEC’s differing thermal efficiency in the
cooling and heating modes.

Reducing the controller’s gain band-
width from the extremes of Figure 5a
produced Figure 5b’s display. This wave-
form results from a small step change in
the temperature setpoint of approxi-
mately 0.18C. Gain bandwidth is still ex-
cessively high, producing a damped,
ringing response that lasts longer than 2
minutes. The loop is just marginally sta-
ble. Figure 5c’s test conditions are iden-
tical to Figure 5b’s, but the gain band-
width is significantly smaller. The
response is still not optimal, but settling
occurs in approximately 4.5 seconds, or
approximately 25 times faster than the
previous case. Figure 5d’s response, tak-
en at further reduced gain-bandwidth
settings, is nearly critically damped and
settles cleanly in about 2 seconds. A laser
module optimized in this fashion easily
attenuates external temperature shifts by
a factor of thousands without overshoots
or excessive lags.

Further, although substantial thermal
differences exist between various laser
modules, some generalized guidelines on
gain-bandwidth values are possible (see
the sidebar). A dc gain of 1000 is suffi-
cient for this application’s required tem-
perature control, with bandwidth below
1 Hz providing adequate loop stability.
Figure 2’s suggested gain and bandwidth
values reflect these conclusions, al-
though stability testing is mandatory in
all cases.

VERIFY TEMPERATURE STABILITY

After you optimize the loop, you can
measure the temperature stability by

Deliberate excess of loop gain-bandwidth introduces
large-signal oscillation, and the duty cycle reveals asym-
metric gains for heating and cooling modes (a). When
gain-bandwidth is still excessively high, the loop
response to a small step in the temperature setpoint
results in a damped, ringing response of greater than 2
minutes in duration (b). After reducing the loop gain-
bandwidth, the response isn’t yet optimal, but settling
occurs in 4.5 seconds (c). Gain-bandwidth optimization
results in nearly critically damped response with settling
in 2 seconds (d).

F igure  5

Short-term monitoring in a room environment indicates
0.001°C cooling-mode baseline stability.
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monitoring the thermistor-
bridge offset with a stable,
calibrated differential am-
plifier. Note that
this measurement
monitors thermistor stabil-
ity. The laser’s temperature
stability is somewhat differ-
ent due to slight thermal de-
coupling and variations in
laser power dissipation.

Figure 6 records 61 mil-
lidegree baseline stability
over 50 sec in the cooling
mode. A more stringent test
measures longer term stabil-
ity with significant varia-
tions in ambient tempera-
ture. Figure 7a’s strip-chart
recording measures cooling-
mode stability against an en-

vironment that steps 208C above ambi-
ent every hour over nine hours. (Yes,
such archaic devices as strip charts are
still useful.) The data shows a variation
of 0.0088C, indicating a thermal gain of
2500. (The term “thermal gain” is tem-
perature-control-aficionado jargon for
the ratio of ambient-to-controlled tem-
perature variation.) The 0.00258C base-
line tilt over the nine-hour plot length
derives from varying ambient tempera-
ture. Figure 7b uses identical test condi-
tions as Figure 7a, except that the con-
troller operates in the heating mode. The
TEC’s higher heating-mode efficiency
furnishes greater thermal gain, resulting
in a fourfold stability improvement to
about 0.0028C variation. Baseline tilt, just
detectable, shows a similar fourfold im-
provement versus Figure 7a.

This level of performance ensures the
desired stable-laser characteristics. Ther-
mistor aging characteristics primarily
determine temperature stability over
years.

A measurement of long-term cooling-mode stability in an environment that steps 208C above ambient every hour shows a 0.0088C
peak-to-peak variation, indicating a thermal gain of 2500 (a). A heating-mode measurement under identical test conditions shows a peak-to-peak varia-
tion of 0.0028C, or a fourfold stability improvement due to the TEC’s higher heating-mode efficiency, which results in higher thermal gain (b).

F igure  7

With edge slew-rate limiting in
use, the “reflected” noise
at the 5V input supply due

to switching-regulator operation
consists of 12 mV p-p of ripple
with much lower high-frequency
edge-related harmonics (a). A
time and amplitude expansion
more clearly shows the residual
high-frequency content with slew
limiting (b). If you disable the
slew limiting, the high-frequency
harmonic content rises approxi-
mately tenfold (c).

F igure  8
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The switched-mode power
delivery to the TEC provides ef-
ficient operation but raises con-
cerns about noise injected back
into the host system via the
power supply. In particular, the
switching edge’s high-frequen-
cy harmonic content can cor-
rupt the power supply, causing
system-level problems. Such
“reflected” noise can be trou-
blesome. The LTC1923 avoids
these issues by controlling the
slew of its switching edges,
minimizing high-frequency
harmonic content (Reference
1). This slowing of switching
transients typically reduces ef-
ficiency by only 1 to 2%, which
is a small penalty for the great-
ly improved noise perform-
ance. Figure 8a shows noise and
ripple at the 5V supply with
slew control in use. A ripple of
12 mV in amplitude is usually
not a concern, as opposed to the
high-frequency transition-re-
lated components, which are
much lower in amplitude. Fig-
ure 8b, a time and am-
plitude expansion of Fig-
ure 8a’s display, more clearly
studies the high-frequency
residue. High-frequency ampli-
tude, measured at center screen,
is about 1 mV. A good way to
measure the effectiveness of
slew limiting is by disabling it.
High-frequency content jumps
to nearly 10 mV, or almost 10
times worse performance (Fig-
ure 8c). Leave that slew limiting
in there.

This level of noise reduction
is suitable for most applica-
tions. Some special cases may
require even lower reflected
noise, and you can use a simple
LC filter in these cases (Figure
9). Combined with the
LTC1923’s slew limiting, this fil-
ter provides vanishingly small reflected
ripple and high-frequency harmonics.
With this filter in place, the ripple is only
approximately 1 mV, and the high-fre-
quency content is at submillivolt levels
(Figure 10a). Figure 10b expands the
time scale to examine the high-frequen-

cy remnants. The amplitude is 500 mV,
or approximately one-third of Figure
8b’s reading. As before, you can meas-
ure the effectiveness of slew limiting by
disabling it. The result is a 4.4-times in-
crease in high-frequency content to ap-
proximately 2.2 mV (Figure 10c). So, as

before, if you want to achieve
the lowest reflected noise, leave
that slew limiting in there.k
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With an LC filter in use, 5V-supply reflected ripple measures 1 mV,
and switching-edge-related harmonic content is small due to the
slew-limiting action (a). Horizontal expansion shows that the high-
frequency-harmonic amplitude with slew limiting is 500 mmV, or
approximately one-third the amplitude of Figure 9b (b). Without
slew limiting, harmonic-content, amplitude rises to 2.2 mV, which
is a 4.4-times degradation (c).
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