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Abstract

Magneto-optical traps (MOT) fluoresce at varyingticgd powers that are linearly
dependent on the number of atoms in the MOT. Dietethis fluorescence precisely and
consistently is important for studying the behaviemfi MOTs, and for accurately

measuring relative atom counts in a MOT affecte@ Ispecific experimental event.

This project developed a photodetector specificdélgigned for such measurements for
Dr. Kirk Madison, Dr. James Booth, and Dr. Bruceypfppauf. The application requires a
photodetector with low noise, high gain, wide dymamange, and good bandwidth.
Target specifications for the final product wengnsl to noise ratio greater than 40 dB,
bandwidth greater than 10 kHz, selectable gainwallg accurate optical power

measurement from 10 nW to 10V, and use of a 1 chphotodiode.

The characterization results showed measuremeitbday covering the full specified
range, and minimum signal to noise ratio of 43 dihwypical signal to noise ratios
significantly higher (50 dB and greater). Foures#hble gain stages of 10050 MQ,

10 MQ, and 1 M2 were included to allow precision measurement htpaiers of
interest. The 100 K& gain stage is intended for DC high precision measent with a
bandwidth less than 10 Hz but excellent noise perdmce (1 mV RMS noise), the 50
MQ gain stage is intended for high sensitivity fagiasurements and has a bandwidth of
2.5 kHz and noise of 8 mV RMS, the 1dX\Wain stage has a bandwidth of 17 kHz and
noise of 5 mV RMS, and the 1Mgain stage has a bandwidth of 60 kHz and noide&f
mV RMS. The detector achieves the signal to ncag® required at all powers, and
nearly achieves the bandwidth targets for thedalWer range, but at the lowest power of
interest, does not achieve the bandwidth and repeeification simultaneously. Each
detector employs a 1 énFDS1010 photodiode for detection and includes ris) i

mounting cage, and shielding case.

Full calibration at 780 nm has been completed far first detector, and less detailed

calibration has been completed for the other detsct
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1 Background

Electronic applications frequently require ampbfion of an input signal originating
from a sensor or actuator. Depending upon theiagmn, the amplifier can be
optimized to maximize either bandwidth or signahtmse ratio (SNR). In many cases,
bandwidth and SNR come as a trade-off; an increalsandwidth results in a decrease in
SNR, and vice versa. Thus, each amplifier mustulped to fit the desired electrical

specifications for the particular end application.

For this project, fluorescent light from atoms innaagneto-optical trap (MOT) is
collected onto a photodiode. The optical powerhef fluorescence typically ranges from
nanowatts to microwatts, leading to the requirenwné transimpedance amplifier to
amplify the photocurrent and convert it to an otitypoitage. A MOT is a laser cooling
device in which momentum imparted to atoms by phetivom lasers is used to restrict
the movement of atoms. This effect, utilized imjomction with a magnetic field, forces
all of the atoms in the MOT to become trapped small volume. The result is an atom
cloud cooled to a few hundred micro-Kelvins andfowd by radiation pressure. When
the atoms decay from an excited state to a grotatd,ghey emit photons, generating
fluorescence whose intensity can be measured totondhe behaviour and quantity of
the atoms in the MOT. A simplified conceptual meélof a MOT is shown in Figure 1.
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Figure 1 Basic operation of a MO



In order for the MOT to operate, the lasers use@fomic cooling must be tuned close to
an atomic absorption frequency (wavelength) spetdithe type of atom being cooled
and trapped. For this project, lithium atoms aobidium atoms are being trapped,
dictating the wavelengths — 671 nm and 780 nm,a&sgely — at which the photodiode

must be calibrated.

The desired transimpedance amplifier should liyearplify currents ranging from
approximately 5 nA to pA and convert them to voltages that a mathematidel will
interpret to determine the number of atoms withim a&tom-cloud. A prototype of such a
transimpedance amplifier was designed and buila lprevious studeft. This model
uses a simplistic design, intended as an earlyoexjbn into the concept, but lacks the
high performance and permanence that motivate lfexives of this project. The crux
of the problem is the trade-off between maximizihg SNR while maintaining a high
bandwidth, and ensuring the full range of poteritiplit photocurrents can be accurately
measured. The gain for the existing model is agdeusing a 10 2 resistor; this
converts a 10 nA input signal to a 10 mV outpunhalg Capacitors within the circuit
must balance the capacitance of the photodiode itonize noise gain and ensure
stability, yet still allow for high frequency sigisao be amplified. The complications of

the signal bandwidth/noise gain trade-off are @rpld further in Section 2.1.1.

The project was sponsored by Dr. Kirk Madison and Bruce Klappauf of UBC

Physics, and BCIT visiting scientist Dr. James Boot Commercial solutions are
available, but due to the high cost of these prtsjube fact that multiple detectors are
required, and the specific requirements and naapplication demands of the project, a
significantly cheaper in-house design was a viabld more attractive solution. For
example, two suitable commercial products are teevport 1931-C high performance
low power optical meter, which costs $2400, and Tierlabs PDA50B amplified

photodetector, which costs $469 and lacks the |lamga photodiode desired for the
project. The initial breadboard prototype compdegarlier is currently in use in the lab,
but the project sponsors require a higher perfoomafully characterized, calibrated,

permanent solution.



2 Discussion

2.1 Objectives

The primary objective of the project was to buildhe photodetectors for measuring
fluorescence from Rubidium and Lithium magneto-cgdtiraps. The detectors also were
to be calibrated and integrated into the opticatesys in which they will be used. To
achieve the necessary level of precision, sensitivand performance, electrical
specifications were defined for the photodetectamuds; to allow integration into optical

systems and provide integration versatility, meatenspecifications were defined for

the housing of the photodetectors.

Electrical Specifications

Optical power detection range 10 nW+{i\y/

Minimum 40 dB Signal to Noise Ratio throughout d¢ten range

Large area photodiode (1 &m

Able to connect to 5-pin standardized lab poweuir(p/-5V, +/-15V, GND)
Output to standard BNC cable

Minimum 10 kHz bandwidth

Selectable gain

Mechanical Specifications

Physically fit into the system (as small as posgibl
Include Thorlabs optical mount with rails and lhrdiameter threaded hole
Include iris

Include one inch diameter optical bandpass filter

The calibration and characterization of the detscigas also an important objective.

Characterization includes establishing the frequeasponse and noise level of the

detector for each selectable gain stage. Calibratomsists of defining the relationship

between the input optical power at the photodiauethe output voltage level.



2.2 Theory

To detect optical power using a photodiode, onetmmeasure the current emitted by the
photodiode accurately. The simplest way to do thito connect the photodiode to a
resistor, converting the photocurrent directly 1 @asily measurable voltage. This
achieves an extremely low noise specification @@h&/ noise sources are the Johnson
noise of the load resistor and the shot noise ef ghotodiode), but there are two
problems with this circuit. First, the voltage the load resistor appears across the
photodiode. Since most photodiodes’ responsigitgapendent on the voltage across the
diode, this results in non-linear output. The seganore critical problem results from
the capacitance of the photodiode itself. A phmide can be modelled as a parallel

combination of a current source, a capacitor, aresistor, as shown in Figure 2.

Figure 2 Model of a photodiode. The capacitance of thelelioauses problems when
trying to take fast measurements.

Because the full voltage swing of the signal appedso across the capacitop, Ghe
interaction between the capacitance of the phottlediand the load resistor limit the
bandwidth of the signal. One way of solving thislggem is to use a transimpedance

amplifier.

2.2.1 Transimpedance Amplifier

The simplest version of the transimpedance amplgishown in Figure 3.
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Figure 3 Transimpedance amplifier. Forcing the cathodehef photodiode to virtual
ground by connecting it to an op amp allows theguency response of the
transimpedance amplifier to be expanded by limitimg voltage swing across the diode
capacitance.

The most important feature of the transimpedancelifier is that it maintains the
cathode of the photodiode;[at virtual ground because it is connected to tbha-n
inverting input of the operational amplifier, U This means that the voltage swing of the
output signal across the feedback resiston®longer appears across the capacitance of
the photodiode gin the model of Figure 2. As the photocurrentnges, |4 changes its
output to shift the voltage at the cathode of thetpdiode back to ground. Thus, the
bandwidth limit imposed by the interaction betwedre load resistor Rand the
capacitance of the photodiode, ®as been mitigated. The cost of this bandwidth
improvement is the added noise that results froematidition of an active component. A
model of the transimpedance amplifier and its nemaces is shown in Figure 4, the
photocurrent, Js, the shot noise of the photocurrent, apdhle Johnson noise of-Rare

all treated the same way by the circuit, and thars lse modelled in parallel as shown.
The diode shunt resistance in the model of Figunas3been omitted because in practice,
for a Silicon photodiode this resistance is soddttat it has no effect on the operation of

the circuit.
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Figure 4 Transimpedance amplifier noise model. The shenlss, Johnson noise Jof

the gain resistor R and signal currenplare all treated the same by the amplifier. The
voltage noise of the amplifieg@s amplified according to the closed loop gairthedf op
amp.

The amplifier voltage noiseyés amplified by the non-inverting closed loop gainthe
op amp. The loop gain is given by*?
-_11':;"

Vo
1 T 14 jwlin £ p

-_1l.':" =

where % is the complex impedance of the combination paRd G, and Ay is the open
loop gain of the op amp. This noise gain has & polthe RC frequency defined by the
interaction between Land R, resulting in the noise gain peaking phenomenonis Th
noise gain levels off at the same place that tfpeasibegins to roll off; that is, the zero in
the transfer function caused by the RC interactibRr and G. The noise gain does not
roll off until the bandwidth limit of the op amp isached, before which it is amplified by
an amount proportional togfCr. Essentially, this noise gain peaking means lingtt
frequency amplifier noise dominates the total noiged the larger the photodiode
capacitance, the larger the effect of the noisa geiaking. The noise gain and signal

gain of the transimpedance amplifier are shownigufe 5.
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Figure 5 Noise and signal gain in the transimpedance amplifThe signal gain rolls off
beginning at the RC corner frequency defined byf¢leelback resistance and capacitance.
The noise gain defined by the closed loop op amp bas a pole at the RC corner
frequency defined by the feedback resistor inteargotvith the photodiode capacitance,
causing the noise gain to rise until it hits a zarahe RC corner where the signal gain
begins rolling off. Above this frequency, the reogain is constant at a ratio defined by
the ratio of the feedback capacitance and the diagacitance until it is rolled off by the
op amp open loop gain limit.

This noise amplification effect can result in peignal to noise ratio, or in some cases
oscillation of the op amp. Careful op amp selectemd PCB layout are critical for

getting the best performance possible for the appédn.

Examining Figure 5, it is clear that increasing feedback capacitance will reduce the
effect of noise gain peaking by shifting the zefdh@ noise gain curve left by reducing
the corner frequency RrCr, thus reducing the peak level of the noise g&lowever,
this comes at the expense of also reducing thevidtid of the amplifier. In the limit
that the feedback capacitance matches the diodacitapce, the noise gain effect is
completely eliminated and the shot noise and Jahnsise physical limit is reached, as

in the case of the simple load resistor currentvettage converter; however, the



bandwidth is also reduced to the same low levahassimple load resistor, so nothing
has been gained. The challenge, then, is to fm@@imal circuit that will trade off
bandwidth and noise to achieve a level that mdetsspecifications of the specific

application.

A circuit based on the transimpedance amplifiercdbed above consists of the final

design of the photodetector for this project.

2.3 Design Process

The primary challenge of designing an amplifiemteet the specifications set out in the
project objectives stemmed from the combinationeabnciling the very high sensitivity
required with the extremely large area photodiodbjch carries with it an obese
capacitance of over 300 pt at a bias voltage of -5 V. Maintaining a goodnsigto
noise ratio and salvaging as much bandwidth aslgessith such high amplification and

diode capacitance was the major obstacle.

In order to overcome the challenge, several pasgilutuits were designed, fabricated,
and tested. In the first stage of prototypingeéhdesigns were prototyped: the simple
transimpedance amplifier described in Section 22tWo stage amplifier employing two

op amps in combination in a single gain stage, andifferential design intended to

optimize common mode rejection. After this, a setprototyping stage was undertaken,
which included second iteration designs of the $&ngmd two stage designs with slight
modifications, and a new design based around astvapped cascode. The prototype
boards were fabricated using the LPKF milling maehin the UBC Engineering Physics

Project Lab.

After all the circuits had been tested, the sintrdasimpedance amplifier was selected as
the final design based on the testing results. citoait design was then tweaked, and a

final printed circuit board (PCB) layout was crehte be professionally fabricated. The



housing for the circuit and PCB layout were desigimgether to meet the mechanical

specifications outlined in the project objectives.

2.3.1 Simple Transimpedance Amplifier

The first design was the basic transimpedance &smpshown in Figure 3. The full

schematic of the first iteration of this designinsluded in Appendix A. The design
included power regulation and decoupling, as wsllfaur selectable gain resistors
ranging from 10 K to 10 MQ.

Selection of the op amp in this design is cruciBthe op amp should have very low input
noise, low input currents, and low offset voltagéhe Texas Instruments OPA381 is
specifically designed for transimpedance amplifiersd made a suitable selectidn A
second, very similar op amp with the identical pinto the OPA381, the OPA38H,
was also tested in this circuit. The primary diéfece between the two op amps is the
gain bandwidth product (GBW): the OPA380 has a G&WO0 MHz, while the OPA381
has a GBW of 18 MHz. In the case of this projbeause the bandwidth of the signal is
limited not by the op amp gain bandwidth productt by the roll off caused by the RC
interaction of the feedback resistor and capacttog, wider bandwidth OPA380 is not
necessary. In fact, the OPA381 performs bettezalge its narrower bandwidth limits
the spectrum available for noise gain peakingingloff the noise gain curve earlier (see

Figure 5).

This circuit was also designed to include a vadaiibhs voltage on the photodiode that
could be tuned with a potentiometer to range froto 615 V. The bias voltage design
included a minor error, however, which was corrécte the second iteration of the

design. The design required a voltage buffer betwtbe voltage divider used to set the
bias voltage and the photodiode itself, which wassmg in the first iteration design.

Biasing the photodiode has two major effects: filst applying a voltage across the
photodiode, the capacitance of the diode is reduestlicing the effect of the noise gain
peaking; second, a voltage across the photodiatidtsen a photocurrent being emitted



even when there is no incident light; this currentalled dark current. The second
iteration of the simple prototype also improved powupply regulation and decoupling,

and added individual feedback capacitors for eaedlfack resistor.

2.3.2 Two Stage Amplifier

In an effort to improve noise performance withcatreficing bandwidth, a second circuit
incorporating two op amps was designed. A singalifschematic is shown in Figure 6.

The full schematic is shown in Appendix A.

Ay

0.01 pF ==

Figure 6 Two op amp single gain stage desin The integrator like response of the
internal feedback loop formed by @nd R, creates a modified open loop gain curve that
limits the bandwidth available for noise gain witihdimiting the signal bandwidth.

In this case, the first op ampJ8hould be very low noise, while the second op &@3p
can be used to effectively limit the open loop haidth of the overall amplification
scheme to something just above the signal bandwidthis eliminates the problem of
noise gain peaking at frequencies above the maxisignmal frequency without limiting
signal bandwidth, provided that the modified opeopl gain remains above the RC
frequency of the feedback resistor and capacifbo. demonstrate this effect, one can

gualitatively describe what happens at differeetjfrencies. At low frequency,; @Gs
10



effectively an open circuit, and the open loop gaithe product of the gain of {Gnd
the gain of IG. However, at high frequencies, C1 becomes a shod the open loop
gain is limited by the gain affected by the intérfe@dback network of Rand R. By
keeping R larger than R high frequencies will be attenuated. With carr@@mponent
selection, this design can allow the full signahdbaidth to remain unaffected, while
shifting the amplifier bandwidth limit back to radff the noise gain peaking earlier and

limit the spectrum of the noise gain. This effiscteen graphically in Figure 7.

modified open
loop gain curve

open loop
opamp gain

] (dB)

=signal gain

noise gain

g NS

Figure 7 The modified open loop gain curve of the two stageuit eliminates the
bandwidth that amplifies only noise (shaded gragfhout affecting signal bandwidth.

For the first op amp, I the OPA381 again made a suitable choice. Fosécend op
amp, IG, a wider bandwidth op amp with less restrictivasaospecifications was

selected: the OPAG5S.

11



This circuit also included variable bias voltagad selectable gain resistors, as in the
simple design. The same bias voltage error wasepten this circuit as in the simple
circuit, and it was also corrected in the secondtqtype iteration. Power supply
regulation and decoupling was also improved instheond iteration, individual feedback
capacitors for each feedback resistor were added, tao different op amps were
selected for trial. ICwas replaced by the AD8655', and IG was replaced by the
AD8027!®],

2.3.3 Differential Amplifier

The third design is shown in Figure 8 (full schemat Appendix A). In this design, two
matched op amps provide equal amplification ofghetocurrent, and the output of each
is fed into an instrumentation amplifier. This @igaration utilizes the high common
mode rejection ratio of the instrumentation ameiifio eliminate noise common to both
signals. This is especially useful in rejectingveo supply noise, electrostatic noise, and
magnetically coupled noise. This design requiraeefal trace length matching and

layout of components to be equidistant from soucfgmtential noise.

For this design, ICand IG were on a dual op amp chip, the AD8628, and the

instrumentation amplifier was the AD828%.,

12
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Figure 8 Differential design. The instrumentation amplifi€; has a high common
mode rejection ratio, eliminating noise commonhe tircuit such as electrostatically and
magnetically coupled noise and power supply noise.

2.3.4 Bootstrapped Cascode

After the first iteration of prototypes, a fourtresign was added. The bootstrapped
cascodd'? uses a bipolar junction transistor to isolate dimde capacitance from the
feedback network of the op amp. This eliminatesribise gain peaking problem while
adding only a small amount of noise due to thesistar. The design is shown in Figure
9, and the full schematic is in Appendix A.

13



AAN—
ld
o . Output
e ’: I Aq %

V
Q2
g 1
s |

:
é -V bias

Figure 9 Bootstrapped Cascode”. The transistor Q1 isolates the photodiode
capacitance gfrom the amplifier, eliminating noise gain andating higher bandwidth.

In this design, Q1 transmits the photocurrent eféedback resistor, but acts as a buffer
to separate the photodiode capacitance from thabéed network. In order to linearize
Q1, a small bias current at the base is needed. iFIpiovided by @ Unfortunately, the
bias current required to linearizg @ larger than the photocurrent itself for the Ilamge

of power detection, saturating the amplifier atthggin stages.

2.3.5 Passive Component Selection

The most critical part of component selection iis fbroject is finding an appropriate op

amp, but choosing suitable passives is also impbrta

Most importantly, choosing the best feedback resssis key to producing a detector that
will not drift or degrade over time. High precisigs good, but stability is much more
important. Metal film and thick film through-hotesistors provide the best performance
characteristics. Metal film and thick film resistoare the least likely to have

manufacturing or damage defects, which can leddftpink noise in addition to Johnson

14



noise™. They also generally provide the best stabilitgd ghermal drift characteristics
[12]

Also, choosing suitable capacitors is importan. tHis case, shunt resistance, stability,
and performance at different frequencies is the. keyor the feedback capacitors,
stability, precision, and excellent performanceotiyghout the frequency spectrum is
important. To achieve this, COG/NPO ceramic capexiwere used?. COG/NPO
capacitors are manufactured from specific dielectmaterials to have minimal
temperature dependence, vibration induced noigetion, and loss, and excellent high

frequency performance.

For decoupling, precision and stability are lessical, but covering the frequency
spectrum is important. Low frequency high ampliwspikes must be eliminated equally
as well as high frequency white noise. To achittng® a combination of capacitors was
employed. To handle the low frequency and hightagd noise, large polarized
electrolytic capacitors were used on the power lsupputs. Electrolytic capacitors have
low shunt resistance and perform poorly at highegdencies, however. To help in this
area, 10uF tantalum capacitors and OuE ceramic capacitors were also used on the
power supply inputs, voltage regulator inputs aatpots, and op amp power supply pins.
Tantalum capacitors handle all frequencies relbtiveell, and ceramic capacitors are

particularly good at higher frequenctés.

2.3.6 Housing Design

The completed photodetector system is intendectmbunted, at close range, onto the
MOT unit in the sponsor's lab. The light emanafirogm the MOT is focused through a
10 cm length 2.5 cm diameter tube by a lens, aftech the light is divided by a beam

splitter and the two paths each enter photodetgctor

Figure 10 below shows a SolidWorks drawing of thetpdetector mount system. The
physical specifications required the complete sysf{ens tube, beam splitter and two

15



photodetectors) to fit the MOT unit and have a rcclegze of sight to the atom cloud.
Minimum sizing was not set, but was desired toseraall as possible. The housing unit
purchased was bought as a stock manufactured alomshielding case and modified to
add the necessary holes using the project labsryedtcutter. The beam splitter cube is
the largest component and set the critical sizeirmax for the housing. The circuit
board was designed to its minimum size and setlphta the face of the beam splitter

cube to further reduce additional volume.

The photodetector was attached using cage mouhtshwserve two purposes: it provides
a rigid mounting surface that ensures structuibibty, and allows for up to 1.5 cm of

travel in order for the light source to be focustrply on the photodiode. The cage
mounts were attached to the aluminum housing bkesuthreaded machined holes in the
Thorlabs cage mount component. Drawings of thesimgusystem are included below in

Figure 10.

photodetector 2

MOT

lens tube

beam splitter cube

photodetector 1

Figure 10 Mechanical design drawing of detectors in theesyst
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2.4 Measurement Procedure

Careful and consistent measurements are cruciagstablishing reliable performance
metrics and achieving accurate calibration. Ashstice techniques used to obtain the
results presented in Section 2.5 are outlined h&he optical system used to produce the
signal used in the measurement of the noise, freryueesponse, and power calibration is
shown in Figure 11. The beam splitters (approxaiyab% reflectivity) and neutral
density filter (approximately 12% transmission) wersed to reduce the power of the
beam to suitable levels for the detector while remg in a clean, linear region of the
laser output. The beam splitter was also usedddysze a second beam incident on a
second, commercial photodetector made by New FddusThis detector, labelled “NF
photodetector” in Figure 11, is a 125 MHz flat fueqcy response Silicon photodiode
photodetector used as a reference in the frequersponse measurement. The current
driver used was a custom device with a tunableuutprrent and an AC modulation
input. The modulation input, however, has a badtwlimit of approximately 50 kHz.
To achieve laser modulation above this frequencgingle custom laser driver board
was made to accept both a DC current and an AGg®lto modulate the laser voltage
directly. The schematic and explanation of thgefadriver is contained in Appendix C.
The noise and frequency response measurementspedoegmed with a 780 nm optical

bandpass filter installed on the detector.
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Figure 11 Optical system used for characterization and catiitn measurements.

2.4.1 Photodiode Responsivity vs. Position of Incident Light

Some photodiodes exhibit non-uniform responsessaditeir detection area. To quantify
this non-uniformity for the FDS1010 photodiode uskd this project, a 780 nm

semiconductor laser was focused onto a specificgiadhe photodiode, and the voltage
across the photodiode was measured directly usingsailloscope as the position of the
photodiode was systematically varied. To avoidusbéting the results by using an
amplifier, the photodiode was connected directlth® oscilloscope inputs to measure the
photodiode response. The photodetector was mownteah x-y-z stage used to move the
photodiode slowly across the focused beam locatml, the output was measured at

each positional increment across the cross settil@bection area of the photodiode.

18



The behaviour of the photodiode corresponding tatian in incident beam spreading
was also measured. The beam was focused at thre oérthe photodiode, and the stage
was used to move the photodiode away from the foleale, spreading the light intensity
across a successively larger area of the photodidthe output was measured at several
positions to determine if, as expected, it remaio@astant while the full beam remained

on the photodiode detection area.

2.4.2 Noise

For each prototype and the final photodetector, nbéese in each gain stage was
measured. The noise level was measured usingdhal @scilloscope to isolate the AC
portion of the signal, which comprises the noi$ée noise was measured at varying DC
signals within the dynamic range of each gain stage provide the photodetector with a
DC signal, the laser was driven at a constant ntirend the beam passed through the
optical system shown in Figure 11. To vary themsity seen at the detector, the neutral
density filter was added or removed as necessawy,tlze iris at the detector partially
closed to allow only part of the incident beam.isTimitigates issues of optical noise on
the laser varying at different input currents thare observed when the intensity at the

detector was varied by changing the input currenhé¢ laser.

The noise levels quoted are root mean squared (RiglI®ges. The RMS voltage of the

AC signal was measured using the built in functarthe digital oscilloscope.

2.4.3 Frequency Response

The frequency response was measured by moduldéngmput to the 780 nm laser with
varying modulation frequencies, from DC to 300 kidagd comparing the detector output
to that of a high bandwidth flat frequency respoNssv Focus photodetector. Below 50
kHz, the modulation was achieved by connecting @waAltage supply to the modulation

input of the custom current driver used. Due todvédth limitations on the modulation
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input of the current driver, above 50 kHz modulatwas achieved instead by connecting
the function generator to the custom built lasévedrboard AC input, which modulates

the laser voltage directly. Further explanationtlod laser driver board is included in

Appendix C.

To measure the frequency response, the frequenaydtilation was varied, and the AC
amplitude of the output of both detectors recordddhe amplitude of modulation was
measured using the built in amplitude measuremamttion of the digital oscilloscope.

Then, at each modulation frequency, the amplitddee project detector was divided by
the amplitude of the reference detector. Normadjzhe results to the lowest frequency

measured and converting the results to decibeldsytbe results shown in Section 2.5.

In some cases, the full frequency response waeeqaired, but only an estimate of the 3
dB bandwidth. In this case, a measurement of d¢etive AC amplitudes of the two
detectors was taken at a very low frequency — alfyicdl0 Hz — and the frequency was
adjusted upwards until the relative amplitudes mehalf of the initial value. This
frequency is the 3 dB bandwidth.

2.4.4 Photodetector Power Calibration

Power calibration was a sensitive process, requicareful attention to calibration of
optical components and consistency in measuremehhigues. To attenuate the optical
signal to ranges useful for power calibration ingain stages, several optical components
were employed. In addition to the optical setupvah in Figure 11, two mirrors and a
second lens were added so that the detector wamyfaway from the laser. This was
done to minimize the amount of light resulting froeflection and diffraction of the laser
outside the primary beam path incident on the detecAlso, several neutral density
filters were placed in the beam path as neededtémumte the optical signal to the
desired range. The measurements were performedaoyng the detector output, then
placing the power metre directly in front of thetet#or and reading the power metre
output. The power calibration was performed withdlie bandpass filter on the
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photodetector, and without the neutral densiteffilittached to the power metre. Power

calibration was performed at 780 nm.

2.4.5 Problems and Limitations

The most persistent problem during measurementsseparating electrical noise from
optical noise. Optical noise, in the context ofam@cterizing a photodetector, is
considered signal; however, isolating electricaiseadrom optical noise proved to be
difficult. In particular, because of the very higbnsitivity of the higher gain stages,
optical noise in these stages can be inadvertamiylified, artificially inflating the noise
level of the photodetector.

Sources of optical noise include lighting in themg noise on the current source driving
the laser, laser noise caused by competing modés sumilar gain stochastically
switching, and laser far field reaching the detectOther external noise sources include
inherent oscilloscope noise, electro-magnetic no@gpled into the cabling, and power
supply noise. Power supply noise at 60 Hz and baits was visible on the output of
the detector, but appeared to be a result of boieron the detector itself, and noise on

the laser driver transferring onto the laser oytpnd thus appearing as part of the signal.

Noise levels on the laser output were also obsealwvedry at different current set points,
likely due to competing modes of nearly the sama gtochastically switching between
each other resulting in fluctuating output powd@io mitigate this problem, the laser was
driven at a constant current observed to have stamtly good noise performance, and
the intensity at the detector varied by changing thameter of the aperture to the

photodiode with the iris so as to limit the amoahthe beam incident on the photodiode.

Some difficulties were also encountered with tlegfrency response measurements. The
modulation signal was obscured partially by noiseboth the project photodetector and
the reference photodetector, and the error on #saorements of the relative amplitudes
of the modulation signal was high. The built in@itude measurement function on the
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digital oscilloscope was helpful, but exhibited sowlgital quantization noise, and in
cases of low modulation amplitude, sometimes hamlible determining accurate
amplitudes due to the noise on the signal. Estaflent of the general trend and shape
of the frequency responses and the 3 dB bandwidhiss however, a repeatable process.

The primary obstacle in power calibration was reaglall ranges of power necessary,
and isolating background noise. Because of unuasal behaviour in many ranges of
input currents, achieving arbitrary input power magans of varying the input current
alone was not possible. To achieve the requiradepoange, optical attenuation using
neutral density filters and beam splitters was usedonjunction with variable input
current to vary the input power. A second probleas the background noise apparently
caused by the far field of the laser; this probleas particularly prevalent at higher gain
stages. When the detector was facing the laseckiolg the primary beam and varying
the current at the laser resulted in clear, sigaift variation on the detector output
corresponding directly to the changes in the laasrent. To help eliminate this
problem, mirrors were used to direct the beam Iiatke opposite direction from which
it came so that the detector was facing away frown laser. This minimized the
background noise caused by reflections and diffvastof the far field. Another problem
encountered was the effect of the bandpass filigdie 780 nm optical bandpass filter
attenuated the signal significantly (approximatéfo), reducing the sensitivity of the
detector. Also, the orientation of the filter waasured to be very important to how
much the signal was attenuated. The angle thdigbe hit the filter severely affects the
amount of light the filter allows to pass. To aVvdhis problem, the calibration was
performed without the bandpass filter. To elimindte effect of background noise away
from 780 nm, and allow measurements at very lovesga the detector, the calibrations

were performed in complete darkness.

2.5 Results

The different prototypes were evaluated and congpdvased primarily on three
performance metrics: frequency response, noiserdrability. The frequency response
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and noise were measured quantitatively, while ¢halsility was evaluated by the authors
qualitatively through careful observation and notatof glitches, such as oscillation,

railed output, inconsistent output, or altogetlziufe to function.

The specified noise values are root mean squar®ddiS{Rvoltages, and unavoidably

include some amount of optical noise which canmotdmpletely identified and isolated.

Also, power supply noise at 60 Hz and its harmoniegse present in some amount on all
measurements, further artificially inflating theisefigures. This power supply noise is
present both on the circuit itself, and as a mdaulasignal on the laser due to noise on
the current supply driving the laser. This wasdeined by observing the output at high
gain stages, where 60 Hz noise was present infisigmily larger amounts than at lower

gain stages, indicating that it is a part of theagp input signal being amplified.

For these reasons, the noise performance of alitsris in fact slightly better than
specified; the values quoted are based on the A@laVoltage superimposed on the DC
signal, regardless of the source of the AC signal.

2.5.1 Photodiode Responsivity vs. Position

The photodiode showed a very uniform responsivitihe x direction (moving parallel to
the base of the photodiode with the wire outpui)e largest variation in the x direction
was 0.5%. In the y direction, the responsivityr@ased slightly as the beam became
closer to the wire outputs. The largest variatiothe y direction was 2.5%.

2.5.2 First Iteration Simple Prototype

The first iteration of the simple prototype perfaunreliably and predictably. The
frequency response of the circuit for each of tha fgain stages is shown in Figure 12.
The resonant peaks in each of the curves are i odsusimilar resonance present in the
frequency response of the OPA381 op athp These peaks are present at some level in
all of the frequency response curves for circuitg tnclude the OPA380 or OPA381.
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The resonant peaks seen in this alawiog frequency responses are a

direct result of resonant peaks in the OPABB&nd OPA381! closed loop gain curves.
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After a brief qualitative power calibration to leathe rough range of the photodiode
sensitivity, it was determined that the circuitpesse was roughly linear from 0 to
roughly 4.4 V, just below the positive rail for ti@PA381 when it is powered on the
positive supply by 5 V. It was also determinedtttiee 10 K2 gain stage would be
unnecessary because the upper optical power oésttepecified in the project objectives
(10 uW) was easily covered by higher gain stagdso, to improve the signal noise ratio
at the low end of the optical power of interest (W), a higher gain resistor of 100(M
was added to future prototypes.

The noise at each relevant gain stage is showralreTl. There was a strong harmonic

present at roughly 270 Hz, which remained unexplhin

Gain RM S Voltage Noise
100 kQ 2.5 mVv
1MQ 3mV
10MQ 4 mV

Table 1 Simple prototype first iteration RMS noise; €4.7 pF.

Qualitative testing with the feedback capacitor oged (some feedback capacitance will
remain due to the stray capacitance associated tw&hfeedback resistor and circuit
board) showed the expected results. The bandwidtfeased significantly — from
roughly 20 kHz to roughly 60 kHz at 10(Mgain — but the noise also increased
significantly, going from 4 mV RMS to about 20 m\IMS.

Biasing the photodiode in this circuit did not irope the noise performance; in fact, it
weakened it. Due to an error in the biasing schdesggn, the biasing was achieved by
shorting the photodiode cathode to the -5 V poweply input line. One possible
explanation considered for the poor performancé whits biasing scheme was that the
bias voltage was unregulated, and potentially noiBy test this, the biasing design error
was updated in the second iteration; however, figashe photodiode still did not

improve the noise performance for the simple design
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2.5.3 First Iteration Two Stage Prototype

Initial testing of the two stage prototype with bias voltage applied to the photodiode
showed stable operation in the higher gain stdgéisthe circuit oscillated rail to rail in
the 100 KX gain stage. Applying a -5 V bias voltage improtkd performance of all
stages, and allowed stable operation at 100 KQuick tests of bandwidth with and
without bias demonstrated that the frequency respar the circuit was unaffected by
bias voltage, as expected. Because the two statetype showed occasional instability,
a larger feedback capacitor of 10 pF was usedekimyg to help reduce the possibility of
instability by reducing noise gain, which can iaté oscillation.

The frequency response for the two stage protoigpshown in Figure 13. The
frequency response was measured with no bias eoftaghe 1 M2 and 10 M2 stages,
but to avoid oscillation and allow for testing, wia -5 V bias applied for the 10@k
stage.

0.01 pF == 2 Ry

(@)
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frequency response of two stage prototype, Cf = 10 pF
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Figure 13 Two stage prototype basic schematic (a) andifesation frequency response
with Cf =10 pF (b).

Aside from allowing stable operation in the 100 gain stage, applying bias voltage to
the photodiode improved the noise performance @fcilcuit, and caused a dark current
to be emitted from the photodiode, leading to atpwaiuvoltage on the detector even
when no input signal is present on the photodiotlas dark output was negligible at low
gain, but when amplified more strongly in the higlgain stages, became significant.
The dark output at each of the gain stages is shiowable 2.
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Gain Dark Output

100 k2 <5mV
1MQ 20 mV
10MQ 200 mV
100 MQ 1.92V

Table 2 Two stage prototype dark current output with -6i%s on photodiode

The dark current is particularly problematic at ¥ MQ gain stage, where it removes

nearly half of the dynamic range of the op amp.

The noise in the circuit both with and without biedtage is shown in Table 3.

Gain Bias Voltage RM S Voltage Noise
100 kQ oV Oscillating
100 kQ -5V 1.5mvVv
1MQ oV 4.5 mV
1MQ -5V 2.5 mVv
10MQ oV 5mV
10MQ -5V 2.5 mVv
100 MQ oV 5mV
100 MQ -5V 4.5 mV

Table 3 Two stage prototype first iteration RMS noise,=C10 pF.

The circuit had some glitches. Oscillation withduss voltage occurred always in the
100 K2 gain stage, and with smaller feedback capacitds®y occurred sporadically in
other gain stages. Also, the output of the ciroaitasionally jumped to the positive rail.
The circuit performed well from a noise and bandtviderspective, but showed some
unreliability. In an effort to improve this, thesnd iteration was tweaked and the op
amps replaced.

2.5.4 Differential Prototype

The differential based prototype performed veriaf®@y, but did not meet expectations in

noise performance. The frequency response of gaichstage is shown in Figure 14.
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frequency response of differential prototype, Cf = 4.7 pF
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Figure 14 Differential prototype basic schematic (a) andjérency response witheG
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The bandwidth is not significantly different thahet other circuits, but the noise
performance, summarized in Table 4, was considgnablse. In particular, the main
attraction of the differential design — the useaohigh common mode rejection ratio
instrumentation amplifier for eliminating power fiy and other common noise — was

ineffective. Power supply noise was still clegrhgsent.

Gain RM S Voltage Noise
100 kQ 4 mV

1MQ 6 mV
10MQ 7mV
100 MQ 9 mV

Table 4 Differential prototype RMS noise G 4.7 pF

2.5.5 Second Design Iteration

The second iteration of prototypes included nevsioas of the simple prototype and the
two stage prototype, as well as a new design: dlogskrapped cascode.

The performance of the second simple prototypernsnsarized by Table 5. Bias voltage
applied to the photodiode again showed no improvesneThe noise and bandwidth are
both larger than the first prototype, but this i2do the fact that the measurements were

done with no feedback capacitor. The simple pyp®tgain performed very reliably.

Gain 3 dB Bandwidth RM S Voltage Noise
100 kQ 150 kHz 4 mV

1MQ 80 kHz 6 mV
10MQ 22 kHz 9mV
100 MQ 10 kHz 13 mVv

Table5 Simple prototype second iteration results /0

The second version of the two stage prototype pedd very erratically. Oscillation in

all gain stages both with and without bias randoodgurred for unidentifiable reasons,
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and the circuit output often railed at the positme amp supply. When the circuit

worked, it performed similarly to the first iteraii.

The last prototype, the bootstrapped cascode, shawey good noise performance at
low gain, but was permanently saturated at all gaigher than 100<k. This is due to
the fact that the “bootstrapping” part of the citcwhich linearizes the transistor Q1 of
Figure 9 by supplying a small bias current to tlasdy supplies a current that is large
enough to saturate the amplifier without any photamnt.

2.5.6 Final Design Selection

Based on the results of the first design iteratibe,differential amplifier was abandoned
due to poor noise performance, and the simple amd dtage designs were carried
through to a second, tweaked design. The goaltevamprove the reliability of the two

stage design, make small tweaks to the simple ddsigfurther testing, and investigate
the bootstrapped cascode design. The bootstraggsedde could potentially be tweaked
to be suitable for the intended application, bug¢ ¢l the complexity of the circuit and
limited time frame for completion, immediately wdlie operation was deemed

paramount.

The selection between the simple prototype andwibestage design was made based on
the same philosophy. The two stage amplifier cdiely be tweaked and tested to the
point of providing a detector with the same relligépis the simple design, and based on
the idea of the circuit and the test results fromfirst iteration, likely perform at a higher
level. However, given the time constraints andessity of producing a working final
product, as well as the fact that the simple pym®tperformed very reliably at a level
very close to meeting all of the project objectiviie two stage design was dropped in

favour of the simple design.
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Figure 15 Final design basic schematic. The simple tranetapce amplifier performed
most reliably.

2.5.7 Final Circuit, 1 pF Feedback Capacitance

The final circuit was professionally fabricated Ggnadian Circuits. The schematic and
PCB layout are shown in Appendix B. For baselestihg, the circuit was characterized
fully with a 1 pF capacitor. Also, to best achiglie project objectives, a new set of gain
resistors was chosen: 1M 10 MQ, 50 MQ, and 100 M2. The motivation for the new
choices was to provide the ability for very low smi high sensitivity DC measurements
in which bandwidth is not a concern, while stilloaling for the possibility of faster high

sensitivity measurements where some noise perfarenarsacrificed.

The frequency response of the final circuit withl gpF feedback capacitor and the
OPA380 is shown in Figure 16.
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frequency response of final circuit, Cf = 1 pF, OPA380
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Figure 16 Final circuit frequency response, OPA38p,=Cl pF.
The noise performance was once again tested bdithand without bias voltage applied

to the photodiode. The circuit was also tested wibth the OPA380 and OPA381 for

direct comparison. The results are summarizedalnler6.

Gain Bias Voltage RMSVoltageNoise RMS Voltage Noise
(OPA380) (OPA381)

1MQ oV 7.4 mV 5.2mV
1MQ -5V 7.2mV -

10MQ oV 12 mVv 8.6 mV
10MQ 5V 21 mVvV -

50 MQ oV 16 mV 9.6 mV

50 MQ -5V 27 mV -

100 MQ oV 23 mV 10 mV

100 MQ -5V 29 mV -

Table 6 Final circuit comparison of RMS noise levels, €1 pF.
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The noise performance is clearly better with theAG®L, as anticipated. This is due to
the restricted bandwidth of the OPA381 in comparisath the OPA380. Because the
signal bandwidth is limited by the feedback resistod capacitor combination, and not
the op amp gain bandwidth product (GBW), the exdemsdwidth provided by the
OPA380 (90 MHz GBW compared to 18 MHz GBW) is neeful for amplifying signal.

It does, however, amplify the high frequency bahdmamp noise in accordance to the
ratio of the feedback capacitance and the photedeapacitance. The result is worse
noise performance with no bandwidth improvementhe Trequency response of the
circuit with the OPA380 and OPA381 were measurdaktthe same, as expected.

Also, the OPA380 does not pull its output all thaywmo the negative supply rail
(ground). Useful, linear output begins at rougbymV. The OPA381, however, pulls
the output to ground and shows a linear respomse fne negative rail almost all the way
to the positive rail at about 4.4 V.

The final circuit was also tested with various feack capacitors to determine the

optimal feedback capacitor for each gain resisidre results are shown in Table 7.

Feedback IMQRMS IOMQRMS 50MQRMS 100MQRMS
Capacitance  VoltageNoise VoltageNoise VoltageNoise Voltage Noise
470 pF 760 pVv 750 pv 800 pVv 850 pVv
47 pF 1mVv 950 pVv 1.1 mV 1 mVv
10 pF 1.7 mV 2.2 mV 2.3 mV 2.5 mvV
4.7 pF 2.5 mV 3.8 mVv 4.1 mV 4.1 mVv
2.7 pF 3.5mV 5.4 mV 5.8 mV 6 mV

Table 7 Final circuit noise comparison with different féadk capacitors, OPA381.

2.5.8 Final Photodetector

The final photodetector uses no bias voltage, arA3BR op amp, and feedback

capacitors suited for the intended function of egaim stage. The feedback capacitor for
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each gain stage and the rotary switch positioretecs the desired gain stage are shown
in Table 8.

Gain Feedback Capacitance Switch Position
1MQ 10 pF 1
10MQ 2.7 pF 2
50 MQ 1 pF 3
100 MQ 47 pF 4

Table 8 Final detector gain resistances, feedback capae$a and switch positions

The frequency response of the final photodetectatsi final configuration is shown in

Figure 17.

frequency response of final photodetector
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Figure 17 Final detector frequency response. The 10Q §hin stage is intended for
high precision DC measurements, while the 5Q Nhin stage is intended to be a high
speed high sensitivity setting that sacrifices egisrformance.
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Table 9 summarizes the key performance metrickeofihal photodetector.

Gain 3 dB Bandwidth RM S Voltage Noise
1MQ 60 kHz 1.8 mV
noMQ 17 kHz 5.0 mV
50MQ 2.5 kHz 8.0 mV
100 MQ ~10 Hz 1.0 mV

Table 9 Final detector bandwidth and noise summary.

The feedback capacitors were selected to optimazh g@ain stage. The 1(Mand 10
MQ gain stages are general purpose, optimized fororabmation of good noise
performance and high bandwidth. The 5@NMjain stage is intended to be a high
sensitivity setting that provides enough bandwidthreliable measurement stability on
the millisecond scale while maintaining a reasosaigise level. The 100 M gain is
intended to be a setting used for DC measuremdwt providing very high sensitivity
and excellent noise performance. Tweaking the atga further can alter the
noise/bandwidth trade-off to whatever is desirablgthout affecting the power

calibration.

The input power to output voltage calibration fbe tfirst completed detector, labelled
Detector 2, is shown in Figures 18 through 21. ehnity is achieved in all gain stages

from the negative rail up to near the positive.ralil
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Figure 18 Power calibration curve for Detector 2, 780 nnh @ gain.
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Figure 19 Power calibration curve for Detector 2, 780 nmMQ gain.
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Figure 20 Power calibration curve for Detector 2, 780 nmMQ gain.
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The signal to noise ratio (SNR) is well above theyét specification of 40 dB for the
majority of the power detection range specifiedha project objectives (10 nW to 10
HW). The SNR at the minimum power of interestn¥Q, is roughly 53 dB. The lowest
values of SNR in the detection range of interesupoevhen the detector is operated in a
region where the amplifier output is in the low tmm of its full output scale. These
necessarily occur at boundaries between gain stalgege the higher gain saturates and
the next lower gain stage must be used. The boyrmtween 100 @ and 50 M2
occurs at roughly 80 nW; the SNR in the 5@Mtage at 80 nW is roughly 48 dB. The
boundary between 50 ®Mand 10 M2 occurs at roughly 155 nW; the SNR in the 10 M
stage at 155 nW is roughly 43 dB. The boundaryween 10 M2 and 1 M2 occurs at
roughly 780 nW; the SNR in the 1®stage at 780 nW is roughly 44 dB. Thus, the
minimum signal to noise ratio of the detector tlyglouhe power range of interest is 43
dB, and the SNR is normally much higher. Howewerthe highest gain stage, the
bandwidth is very limited. For fast, high senstiivneasurements, the 50(Mgain stage
must be used. At 10 nW, the SNR is roughly 30 dB.
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3 Conclusions

Prior to completion, the project went through vasostages. First, a set of initial

prototypes were designed and fabricated. Followimgy each prototype was tested and
characterized for comparison, and after evaluatibthese results, a second round of
prototypes was issued. Following the charactadmatf this second iteration design set,
a basic transimpedance amplifier design was seldotethe final application based on

test results which showed competitive performanasoise and bandwidth and extremely
high reliability. Design, PCB layout, and fabricat of the final circuit took place in

conjunction with a mechanical design encompasdieghibusing and integration of the
detectors into existing optical systems. Finalhe final circuits were populated, tested,
characterized, and calibrated, before being plactdthe systems for which they were

designed.

The final product in large part met the objectigpecified at the outset of the project.
The noise performance achieved was good, with rleisgds measured at 1.8 mV RMS
for the 1 M2 gain stage, 5 mV RMS for the 10(Mgain stage, 8 mV RMS for the 50
MQ gain stage, and 1 mV RMS for the 10@Njain stage. The noise performance for
each gain stage was defined largely by the combmatf the feedback resistance and
capacitance; better noise performance was achievib@ 100 M2 gain stage than the 50
MQ gain stage by including a larger feedback capgciaithough this sacrifices
significant bandwidth. The minimum signal to nois&tio (SNR) throughout the
detection range was 43 dB, clearing the objectivd@dB. The optimal SNR at the
lowest power of interest, 10 nW, was 57 dB, and3N&R throughout the majority of the
detection range is above 60 dB, achieving a maxirotii#8 dB. The detector is able to
meaningfully read powers below 1 nW, exceedingrémge of power required, although
at 1 nW the SNR is only 37 dB. The sensitivity adjustable gain targets were met and
exceeded.

The bandwidth target was only partially achievéale to the high noise resulting from

the very large photodiode capacitance and high gaguired to achieve the desired
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sensitivity, the bandwidth specification provedfidiflt to meet without completely
sacrificing noise performance. At the two loweingatages, 1 @ and 10 M, the
bandwidth specification was exceeded, with 3 dBdwadths of 60 and 17 kHz,
respectively. However, at the higher gain stagles, bandwidth and noise trade-off
suffered. As a compromise solution, two high densi gain stages were provided: a
100 MQ stage with very low bandwidth (~10 Hz) but very lowise for high precision
slow measurements, and a 5@2\tage with higher bandwidth (2.5 kHz) and higher
noise for less precise faster measurements. Adgth@5 kHz does not meet the 10 kHz
bandwidth target, it still allows measurement asel fall times fast enough to be stable
within one millisecond. The minimum signal to reistio in this stage, occurring at the
minimum power of interest, 10 nW, falls slightlyoshof the 40 dB specification at 36
dB. Thus, the objective specifications are notusiameously met throughout the entire

detection range, but are met for the large majaithe detection range.

The final detectors employ large area 1°dADS1010 photodioded”, allowing easy

alignment even at the very low optical power expéct The detectors were also
calibrated for 780 nm and 671 nm. The final pradncludes a compact housing,
combined with optical mounts allowing easy impletaéion into any optical system, an
iris and filter built on, and the desired BNC out@and standard lab power supply

connection interface.
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4 Recommendations

Although the photodetectors are complete and forfima product that will not be
altered, recommendations can be made about howotteed with implementing them

into optical systems and how to potentially impreive design for future projects.

Isolating optical noise from the signal using baastp filters should be more closely
investigated. Because the bandpass filters attersiengly even at the pass frequency,
the sensitivity and signal to noise ratio will begatively affected. More importantly,
bandpass filters show alignment sensitivity thatuldoimpact the calibration factor
dependent on the orientation. Lens tubes may bwm@ effective means of isolating
optical noise.

If improvements to the design are desired for ftwork, the authors recommend

investing further time in the two stage circuitgéiie 6) and the bootstrapped cascode
(Figure 9). The two stage circuit would likely e testing more op amps, tweaking

component values, and identifying conditions legdia oscillation. The bootstrapped

cascode circuit could also potentially exceed teggomance of the design used in this
project, but would likely require much more efftatachieve the performance. Finding

transistors which have very low operating curremtaild be helpful in eliminating the

problem of the bias current overrunning the signaient.

For simple adjustments to the bandwidth/noise t@tiehe feedback capacitors for each
gain resistor can be replaced with different vatapacitors as necessary. In the final
schematic and PCB layout of Figures 28 and 29,eatsely, these capacitors are
labelled C2, C3, C8, and C9. Adjusting the capadid a higher value will result in

improved noise performance, but decreased bandyvadthvice versa.
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Appendix A: Prototype Schematics

Schematics from all of the prototypes tested ackided below.
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Figure 22 Simple prototype first iteration schematic.
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In the first iteration simple and two stage desjghe bias voltage scheme contains an
error. Potentiameter R9 in both schematics setshias voltage through a jumper
allowing the user to choose a bias voltage set ByoR ground. The wiper of the
potentiometer should in both cases be bufferedreefonnecting to the jumper. This

error is corrected in the second iteration of lekigns.
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Differences between the first and second iteratibthe simple and two stage designs
include the addition of a buffer amplifier LM318MN torrect the biasing error of the first
iteration, individual feedback capacitors for eagdin resistor, better power supply
regulation and decoupling, and in the two stage,casw op amps.
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Figure 27 Bootstrapped cascode prototype schematic.

50



Appendix B: Final Schematic and PCB Layout
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Figure 29 Final PCB layout. Top side in red, bottom (miedy in blue.
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Appendix C: Laser Driver Board

The laser driver was built to accept an input qur@ one input and transmit it directly
to the laser, and accept an AC voltage on a seicgnud and modulate the laser directly.
It was designed to work specifically with the cumstbuilt current source available for
driver the laser. To avoid having the current seuabsorb all the AC voltage applied to
the AC input, an inductor was placed in series Wl current input. The schematic is

shown below in Figure 30.

cl
L 0.1 uF
AC voltage in—o—wvw—o—o-”—o—
Lz L1 S
e TmH L Current out
CUFrent in—ssro-e—a' Vg |

Figure 30 Laser driver schematic.

The board used was modified from a previous sintéser driver. The AC voltage input
was not useful at low frequencies, where, despiee ihductor, the voltage would be
absorbed by the current driver connected to theréot in” input. To avoid this problem,
at low frequency (less than approximately 50 kHie) AC voltage source was connected
to the bandwidth limited AC modulation input on tkarrent driver, and at higher
frequencies it was connected to the AC voltagapui on the laser driver. In both cases,
the amplitude of modulation on the laser currens Wvaquency dependent. To eliminate
this unknown variation, the frequency response nreasents used a New Focus 125

MHz photodetector as a reference, as describeddtidd 2.4.3.

53



Appendix D: Power Calibration Curves
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Figure 31 Detector 1 Power Calibration Curves
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Figure 32 Detector 3 Power Calibration Curves
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Figure 33 Detector 4 Power Calibration Curves
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Figure 34 Detector 5 Power Calibration Curves
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Figure 35 Detector 6 Power Calibration Curves
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Figure 36 Detector 7 Power Calibration Curves
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Figure 37 Detector 8 Power Calibration Curves
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