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Abstract - A wide-band power control system based on an electro-
optical modulator and transimpedance amplifier has been
constructed. It is capable of reducing laser intensity fluctuations to
the shot noise limit over the range of Fourier frequencies from a
few tens of Hz to a few MHz with the low boundary set by the
light handling capacity of a photodetector and the upper boundary
imposed by the spurious resonances of a given electro-optical
modulator. We discuss a general approach to the design of laser
intensity control system and its noise properties.

Index Terms — noise spectral density, feedback control, shot noise
L. Introduction

High power, low noise lasers are required for a wide range of
metrological applications including the detection of
gravitational waves and precision measurements of optical
frequencies [1-3]. In the latter case, the ultra-precise
measurements of optical frequencies were performed with
mode-locked femtosecond lasers capable of generating
extremely broad spectra of equidistant modes (optical combs)
[4, 5]. Using such lasers it is also possible to convert the light-
wave output of an optical “clock” into ultra-stable microwave
signal [6]. This is achieved by synchronizing the pulse
repetition rate of a femtosecond laser with a beat rate of an
optical “clock” and detecting the optical pulse train with a high-
speed photodetector. Phase synchronization of femtosecond
lasers and demodulation of ultra-short light pulses is
accompanied by excess phase noise [7]. One of the noise
mechanisms contributing to the overall uncertainty of the
frequency transfer between the optical and microwave domains
is the intensity fluctuations of the pump laser driving the
femtosecond comb generator. Reducing the pump laser
intensity fluctuations is especially important for the
development of the next generation of compact femtosecond
laser systems based on low power, but often noisy, pump lasers.
In this work we present the noise analysis of a wide-band laser
intensity noise reduction system, discuss the noise mechanisms
affecting its performance and summarize the steps one must
take to ensure its stable operation.

I1. Noise Analysis

A schematic diagram of the laser intensity control system is
shown in Fig. 1. It consists of a transverse-field electro-optic
modulator (EOM), polarizer, trans-impedance (TI) amplifier
and loop filter. A fraction of laser light passing through the
EOM falls on a photodetector of a TI amplifier producing
voltage proportional to the power of incident light. This voltage
is compared with a stable reference at the input of TI-amplifier
resulting in the difference (error) signal which is fed back to the
EOM altering the power of the laser beam and keeping the error
voltage close to zero.
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The EOM and TI amplifier act, respectively, as an actuator and a
sensor of the laser power control system. Below we derive the
characteristic equation of the laser power control system and
discuss the major noise mechanisms affecting its noise
performance.
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Fig. 1. Schematic diagram of a laser power control system: EOM-
electro-optical modulator, PR-polarization rotator, BS — beam-splitter,
HVA — high-voltage amplifier.

Power incident on a photodetector in Fig. 1 is given by

Per :Pinp a(uy)k357 )]
where P, is the power of the input beam incident on the EOM,

kpg 1is the fraction of total laser power directed to the
photodetector and ¢« is the insertion loss of EOM & polarizer
assembly which depends on the EOM applied voltage u,,. The

latter is the sum of a fixed term U, (set manually to minimize

the error signal before closing the loop) and a variable term
representing the filtered error signal from the output of the TI-
amplifier u gy, :
uyzUo+KF(S)uamp7 (2

where K j(s) is the differential operator characterizing the loop
filter transfer function. In the case of a two-port EOM in Fig. 1:
Kr=KpyKyyy—Kp;, where Kp;, Kpjare the transfer
functions of two filters in the EOM arms and Ky, is the
transfer function of the EOM high-voltage amplifier.

Assuming that the photodetector operates in a linear regime and
ignoring limited bandwidth of the TI amplifier, the analytical
expression for the voltage at the output TI amplifier can be
presented as
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Ugmp =T1 Rf (Pdet - ﬁdet) 3

where 77 is the responsivity of the photodetector, R, is the

feedback resistor of the TI amplifier and Isdet is the
characteristic power which depends on the reference voltage
U e at the input of the TI amplifier: Py =U ref | (an )

For rigorous calculations, the parameter R ; in (3) needs to be
replaced with the differential operator R r corresponding to the

complex impedance of the T amplifier:

~ 1
Rf - ]/zf +I/(Kamp zf)+sC/K

; “4)

amp

where z is the feedback impedance of TI amplifier
(zy =Ry / (1 +sr) , 7 is the time constant of the TI amplifier),
Cis the stray capacitance of a photodetector and K ,,,, is the

open loop gain of the TT amplifier.

By substituting (2-4) into (1) and expanding the function
a(uy in Taylor series in the vicinity of U, , a linearized

characteristic equation of the power control system is obtained
Paor =L 45, Kp(s)n R (Proy = Prot) 5
det =Lgey Ty Kp\S)NRy \Lger = Ler ) %)

where Pd];{m" =Py, (U, ) kgg is the power incident on the

photodetector ~ with  the control loop open and
Sy =Py kps da/duy is the conversion efficiency of the
power actuator (for a typical EOM: a(uy)~ sin? (uy/ Vaw ),
where Vypis the EOM half-wave voltage, the maximum

voltage-to-power conversion efficiency: § ;"“x = 2Py [Vew )-

Power fluctuations in the laser beam incident on the
photodetector 0P, can be found from (5) by assuming that all
parameters of the power control system fluctuate around their
mean values, for example: U,r = U, ref + 0U or . Also, one has
to account for the intrinsic noise of the Tl amplifier Sugy,, . An

analytical expression for the 0Py, is given by

B §PdJ;{run 7 (5Urefj5”amp)

6

where é'Pa-,’; {m" is the power fluctuations of a “free-running”

laser (with the power control system switched off) and Y is the
open loop gain()/z—?]lN?f KrpS)).
Voltage noise at the output of TI amplifier du,,, can be

presented as a symbolic sum

5uamp 21’8](3 T Rf +5eamp +5iamp Rf +1’2q77Pdet Rf’ @)

where kpis the Boltzmann’s constant, 7" is the ambient

temperature and ¢ is the electron’s charge.

The first term in (7) describes the effect of thermal fluctuations
in resistors of the TI amplifier (all resistors are assumed to be
equal). The second and third terms in (7) represent, respectively,
voltage and current fluctuations of the operational amplifier on
which the TI amplifier is based. The last term in (7) results from
the laser shot noise.

Following from (7), at high incident power P,
fluctuations at the output of TI amplifier should be entirely due
to the laser shot noise. Furthermore, assuming that [} >>/ and

voltage

making use of (6, 7), the analytical expression for the shot noise
limited fluctuations JP,,, can be obtained as:

SPi = \[2q Py I (8)

Introducing an index of random amplitude
modulation m=8P,,,/ 2 P, ), the shot noise limited spectral
density of relative intensity fluctuations (RIN) is expressed as:
SShOt — q . (9)
" 21K, det
For a typical set of parameters:77=0.3 A/W and P, =5mW

equation (9) results in S3"' ~_162dBc/Hz, which is
~ 17 dB higher than the thermal noise limit (first term in eq. 7).

II1. Results and Discussion

The TI amplifier was implemented on a Si p-i-n photodetector
S5973 (“Hamamatsu”) and high-speed operational amplifier
ADS8021 (“Analog Devices”)'. It was built using surface-mount
components and featured an auxiliary port for measuring its
transfer function. Such a transfer function obtained with the RF
network analyzer is shown in Fig. 2. To ensure a stable operation
of the amplifier a 0.2 pF capacitor was inserted in the feedback

'A specific product is named only for technical clarity and does not represent
endorsement by the National Institute of Standards and Technology. Other
products might be found to serve the purpose equally well.
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path in parallel with the feedback resistor (R, = 3k£2). The

bandwidth of the TI amplifier was found to be a diminishing
function of input powerF,,,. The largest bandwidth

(~130MHz) was measured in a small-signal regime

at P, <—10 dBm (Fig. 2).
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Fig. 2. Amplitude transfer function of trans-impedance amplifier at
different levels of input RF signal

Fig. 3 shows spectra of voltage fluctuations at the output of TI
amplifier measured with the light switched on and off (curves 1
and 2, respectively). In the latter case, the spectrum of the
voltage fluctuations is the sum of 1/ /' and “white” noise terms.
The I/ f noise dominates at low Fourier frequencies and results
from the intrinsic fluctuations of the TI amplifier. The “white”
noise is due to thermal fluctuations in the resistors (Johnson
noise) of the TI amplifier. The horizontal line in Fig. 3 shows
the shot noise contribution to the overall voltage fluctuations
calculated at P;,, = ImW (last term in eq. 7). At this level of
power shot noise prevails in the spectrum of the TI amplifier
voltage fluctuations at Fourier frequencies /' >3500Hz. By
increasing the power incident on photodetector, one can extend
the range of Fourier frequencies for which the sensitivity of the
TI amplifier is shot noise limited. As a result, one can improve
the quality of the power stabilization (see eq. 9).

A “tailored” loop filter is required to achieve the most
broadband noise suppression without causing any noticeable
noise enhancement outside the loop bandwidth. To design such
a filter, one needs to know the complex transfer function for the
optical assembly 7,,, formed by the EOM and TI amplifier, as

the overall loop gain ¥ =7, Kr.

Measurements of  ,,, were performed by varying the

polarization of the laser light passing through the EOM. The
induced power variations were detected with TI amplifier.
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Fig. 3. Voltage noise spectra at the output of trans-impedance amplifier
with the light switched on (curve 1) and off (curve 2). He-Ne laser was

used as a light source, power incident on photodetector P, = ImW .

During these measurements broadband voltage noise was
injected into one input port of the EOM, while the other port was
grounded. The amplitude transfer function of the “optical
modem” is shown in Fig. 4. The average light power on the
photodetector was ~ 1.5mW . Two partially overlapping traces in
Fig. 4 correspond to the data collected with different

instruments: FFT spectrum analyzer and RF vector network
analyzer.
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Fig. 4. Amplitude transfer function of “optical modem”.

In Fig. 4 the N-shaped distortion of the amplitude transfer
function at frequencies around 30kHz is due to the piezo-
mechanical resonance in the EOM crystal. This resonance, as
was discovered later, did not affect the stability of the closed
feedback loop. The “ripples” in the amplitude transfer function
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Yop: at frequencies above 20MHz were linked to electrical

resonances of the EOM.

While designing the loop filter we took advantage of the
internal structure of the EOM with two floating inputs. This
enabled us to split the error signal (see Fig. 1) and process
separately its slow and fast fluctuations. The simulations were
performed assuming that the “fast” arm of the filter was based
on a AD8021 configured as an all-pass filter with a pole at
100kHz and a zero at 50 MHz . The DC gain of the all-pass

filter was designed to be 60dB. The “slow” arm of the loop
filter was designed to include a “leaking integrator” (AD744)

and a high-voltage amplifier (PA85 from “Apex
Microtechnology”).

The filter design involved an analysis of loop stability, as well
as calculations of the noise suppression factor N, = I/ (1+7).
The latter is shown in Fig. 5 as a function of Fourier frequency

at different levels of optical power. Results in Fig.5 are the best
achievable for a chosen filter configuration.
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Fig. 5. Calculated noise suppression factor of laser power control
system at different levels of power on photodetector.

The loop filter, like the TI amplifier, was implemented using
surface-mount technology. The noise suppression factor of the
power control system with the above filter is shown in Fig. 6. It
was measured by injecting random noise to the auxiliary input
port of the TI amplifier and monitoring its suppression at its
output. Two traces in Fig. 6 correspond to the two different (by
approximately a factor of 2) levels of laser power £, . In both

cases the power incident on the photodetector P,,, was set (by
changing the EOM bias) close to7mW . Data in Fig.6 indicates

the bandwidth of the power control system is close to
3..5MHz .

Having a piezo-resonance in the EOM crystal at ~ 30kHz did

not compromise the loop stability. The above measurements
were conducted with a 532nm laser “Verdi V8” (“Coherent”)

operating in a low power mode ( P,,; = 0.25W ). This regime is

characterized by excess intensity fluctuations, which results in
the “fuzziness” of the experimental traces in Fig. 6.
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Fig. 6. Noise suppression factor of the power control system as a
function of Fourier frequency at different levels of laser power

The observed lack of noise suppression at frequencies below
1kHz (relative to the results of calculations in Fig. 5) was due to

the use of a low-pass filter (60dB DC gain) instead of an
integrator in the “slow” arm of the servo loop.
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Fig. 7. Effect of the power control system on the spectral density of
laser relative intensity fluctuations (in loop measurements with the
“Verdi V8” laser operating in a low power mode). Detector
power Py, =7 mW

Fig. 7 shows the effect of the power control system on the
spectral density of the relative intensity fluctuations Sp;y of the
laser light incident on the photodetector. The spectra in Fig.7
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were inferred from the voltage noise at the output of TI
amplifier via:

Sy =8,/@Upc) ., (10)

where S, and Upc are, respectively, the spectral density of

the voltage fluctuations at the output of TI amplifier and its DC
voltage. The observed noise cancellation at the output of TI
amplifier with the control loop closed (~ 60dB at100 Hz ) was

consistent with the noise suppression factor measured earlier
(Fig. 6).

In a low power mode the intensity noise of a given laser was
non-stationary. This explains the difference between the spectra
2, 3 (Fig. 7) which were taken a few minutes apart without any
changes to the loop parameters or laser power. The horizontal
line in Fig. 7 shows the shot noise limit for the spectral density
of RIN at a given level of optical power P,,,. With a small

increase in loop gain, that may, for example, be introduced by
an integrator in the “slow” arm of the control system, one could
suppress laser power fluctuations to the shot noise limit at low
Fourier frequencies
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Fig. 8. Effect of the power control system on the spectral density of the
laser relative intensity fluctuations (in-loop measurements with the
“Verdi V8” laser operating in a high power mode).

Suppression of the laser amplitude noise to the shot noise limit
was achieved with the “Verdi V8 laser working in a high
power mode. This was due to more than 20dB reduction in

laser intensity fluctuations associated with the increase in laser
power (from 0.25W to9W ). Fig. 8 shows the spectra of RIN

of a “free-running” (curve 1) and power-stabilised laser (curve
2) at high output power. The latter spectrum was deduced from
“in-loop” measurements of the voltage noise spectral density
S, in (10). The dash line in Fig. 8 corresponds to the shot

noise limit at P, = 9mW (mean power on the photodetector

was kept unchanged when laser power increased).

Remembering that the shot noise is a main contributor to the
overall voltage fluctuations at the output of TI amplifier (Fig. 3),
data in Fig. 8 show that the power control system is capable of
suppressing the laser power fluctuations to the shot noise limit
from a few tens of Hz upto a few MHz .

Splitting of the laser beam between the sensor of the power
control system and the main beam (Fig. 1) adds an extra noise to
the external signal. This noise results from the angular
fluctuations of laser light incident on a beam splitter, as well as
vibration of the beam-steering components and photodetectors
[2, 7]. To characterize the noise properties of the external signal,
laser light exiting the polarizer was split with a glass plate and
sent to the additional (out of loop) TI amplifier.
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Fig. 9. Effect of power control system on spectral density of laser
relative intensity noise (out of loop measurements with the “Verdi V8”
laser operating in a high power mode).

The DC voltages at the output of the in loop and out of loop TI
amplifiers were equal to6) and 3.5V, respectively. Spectra of

the RIN measured with the out of loop TI amplifier are shown in
Fig. 9 (curves 1 and 2 correspond to the open and closed control
loop, respectively). As follows from these results, power
fluctuations of the external beam are shot noise limited at
f>10kHz. At lower Fourier frequencies, the RIN of the

external beam is higher than the shot noise limit. This indicates a
presence of some additional noise in the spectrum of the external
signal destroying the correlation between the power fluctuations
in both beams. We speculate that the use of a fiber coupler or
filtering of the beam angular fluctuations with a single mode
fiber would eliminate this excess noise in the spectrum of the
external signal [7, 8].

It’s worth mentioning a few simple steps one needs to follow to
enable reliable locking of the power control system. First, one

1086



has to “map” the voltage at the output of TI amplifier u amp 38

a function of EOM bias u,, . This is required to ensure the

proper sign of the feedback before closing the control loop. To
conduct the voltage “mapping” the link between the TI
amplifier and loop filter must be broken. To improve the
“contrast” of the resulting dependence of u,,, on u, the

polarization of the laser light incident on the EOM is rotated
relative to its crystal axis.

With no reference voltage applied to the input of the TI

amplifier its output voltage u remains positive for any

amp
values of EOM bias or laser power. To generate an error signal
which changes its sign at the desired level of laser power, a
positive reference voltage U, is added at the input of the TI

amplifier. Typically, the level of U, is set to maximize the
gradient  dugy,, /du, at the zero-crossing point, if the

associated insertion loss in the EOM (~3dB)) is tolerable.

Finally, we found it is easier to acquire lock by closing the
“fast” control loop first and then enabling the integrator. In this
respect, it should be remembered that the sign of the voltage
gradient  dityy, / du, at the zero-crossing point must be

negative if the DC gain of the filter of the fast control loop
K 7; is negative. This is because the overall loop gain of the
power control system with the integrator disabled
is:y=—Kpj dugy[du, .

IV. Conclusion

A wide-band laser power stabilisation system capable of
operating at the shot noise limit has been constructed. The
bandwidth of the current system was limited to a few
MHz due to the impedance mismatch of a given electro-
optical modulator. We discuss: (i) a general approach to the
design of power control systems; (ii) techniques for measuring
the noise suppression factor of the feedback control system and
(iii) possible reasons for the excess noise in the spectrum of the
useful signal due to noise mechanisms other then power
fluctuations.
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