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ABSTRACT

A variety of avalanche photodiodes (APD’s) were tested with pulse position modulated (PPM) Q-switched laser
pulses incident on the detector, with varying amounts of attenuation. The detector output was recorded and post-
processed in order to determine the signal and noise slot statistics, as well as, to estimate bit-error-rates (BER). The
probability distribution functions predicted by a Webb+Gaussian model were compared to the measured slot
statistics, as were theoretical BER curves. Allowing noise equivalent temperature to be a free fitting parameter
yielded good fits between measurements and theory. All the measurements used 256-ary PPM and 10-25 ns slot
widths, with a Q-switched Nd: YVO4 laser modulated at S0K-100K pulses per second. A 3 mm diameter, silicon
(Si) APD with 80% quantum efficiency (QE) at 532 nm displayed a sensitivity of 11-12 photons/bit for a BER of
107 in the absence of background light. For this detector the sensitivity deteriorated to 18 photons/bit in the presence
of 100 photons per 25 ns slot of background light. A 0.8 mm diameter near infrared (NIR) enhanced Si APD with
QE of 0.38 displayed sensitivities of 23 — 32 photons/bit for a BER of 10 at 1064 nm in the absence of background
light. Backgrounds of 400 photons per 25 ns slot degraded the sensitivity to ~ 58 photons/slot. Finally a 3 mm
diameter NIR enhanced Si APD yielded a sensitivity of ~ 100 photons/bit @ 1064 nm for a BER of 102 with no
background present.
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1. INTRODUCTION

Free-space laser communications technology is being developed for servicing NASA’s future interplanetary
missions. Higher data transfer rates with smaller payload mass and volume are the primary drivers for this
development. End-to-end systems technology validation will rely upon optical links between laser transmitters
flying onboard interplanetary spacecraft and earth-based receiving stations. As enabling technologies emerge an
automatic extension will most probably involve orbiting receivers. However, current technology development
assumes earth-based reception thereby necessitating reception of laser beams that must propagate through the
earth’s atmosphere, as well as, devising strategies for increasing link availability to mitigate weather effects. Direct
detection of pulsed laser beams is the base-line concept currently being pursued for near term applications. Earth-
based receiving stations for a deep space optical communications link will consist of a large aperture telescope that
will collect and focus incident signal photons on to a detector. Even with the use of optical band-pass filtering,
some background noise photons will simultaneously be incident on the detector when communicating during
daytime, clear sky conditions. The resulting signal and noise photoelectrons are then processed by analog and
digital electronics for the purposes of extracting useful information.

The detector plays a critical role in the overall link architecture and is the subject of this report. Ongoing work
to evaluate commercially available detectors with the incidence of PPM laser pulses and compare the outputs to
theoretical predictions is the main objective motivating this work. Work on designing the receiver back-end has
also been initiated and is discussed elsewhere'.

The required signal power incident on the detector for a desired bit-error rate (BER) in direct detection can be
theoretically predicted by knowing (1) laser modulation format (2) detector properties such as quantum efficiency
and gain (3) detector and preamplifier noise spectral density and (4) channel considerations. In designing an optical
link the transmitted power reduced by net link losses must exceed the required signal power by the desired link
margin. Typically, deep space optical link designs? call for an uncoded BER of approximately, 1072 to 10°. The use
of suitable coding can then be used to reduce the BER < 1E-5. The baseline concept® for deep space links requires
high peak power lasers in order to deliver detectable optical signals at the detector. Accordingly, pulse position



modulation (PPM) using q-switched lasers has been identified as a base-line format, though improved modulation
schemes are being studied®. Quantum efficiency, gain and noise characteristics of the detector are used with
appropriate detector models to predict the signal and noise statistics and derive the sensitivity or BER versus
photons/bit curve. Channel considerations can be further classified into two categories, namely background noise
and atmospheric turbulence. Background noise photons incident on the detector are determined by receiving
telescope aperture area, efficiency, field-of-view (FOV), sky spectral irradiance, whether there is a planet in the
FOV, optical band-pass filter spectral width and finally the PPM slot width. A large range of background noise can
be encountered, starting from a night sky with no planet in the detector’s FOV, to a daytime optical link with the
ground telescope pointed to within 10° of the sun. Consequently, the choice of detector used to accommodate these
extremes may also be different. The impact of atmospheric turbulence on the signal incident upon the detector is
primarily a blurring of the focal spot size as elaborated in previous work®. Possible mitigation approaches against
atmospheric blurring would be to use large detectors that prevent overfilling and truncation of signal or resorting to
adaptive optics approaches to reduce the spot size. The implementation of the latter approach for optical
communications telescopes requires further exploration. A third conceptual approach® relying on the use of an
adaptive detector array is currently under study. Intensity fluctuations due to atmospheric scintillation, we expect,
will be adequately mitigated by aperture averaging’.

Based upon the laser wavelengths currently capable of supporting high peak power transmitters (1.064 and
0.532 pum) avalanche photodiodes (APD’s) and photomultiplier tubes (PMT) with their associated internal gain and
suitability for detection of faint optical signals immediately come to mind. The work presented in this report is
limited to laboratory investigations of the former types of detectors. In future work we will report on PMT
evaluations results.

In section 2 analyses of optical link design and theoretical models, pertaining to APD detectors is presented.
Section 3 describes the experimental setup. Section 4 covers the laboratory results and discusses comparison with
theory. Section 5 provides conclusions.

2. LINK CONSIDERATIONS AND DETECTOR MODELS

2.1 Background light

Link design considerations discussed here are limited to direct detection, the use of PPM and a Q-switched laser
transmitter. A typical Q-switched laser capable of providing the desired peak powers with high repetition rates is
described in reference 8. This laser could be operated frequency doubled at 532 nm or at the fundamental
wavelength of 1064 nm. The PPM slot width used must accommodate the laser pulse with some margin for pulse
jitter. Typically, laser pulse width is 80% of the slot width. The laser pulse width detected, however, is a
convolution of the pulse width transmitted from the laser and the detector response. Thus detector response
influences the slot width used with the PPM. The slot width in turn is directly proportional to the background
photons incident upon the detector. As an example consider a daytime link that uses a 10-m diameter (D) collecting
aperture along with a 100 prad FOV (6) detector and a receiver efficiency (7g) of 0.5. The incident background
photons n, as a function of the slot width (T) is given by:
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and W(A) represents the sky radiance, 44 is the width of an optical narrow band-pass filter (NBPF), A is the laser
transmitter wavelength, & and ¢ are Planck’s constant and the peed of light. Figure 1 shows a plot of n, versus T
Sky radiance’ W(4) @ 1064 nm was taken as 6E-3 and 3E-3 W/sr cm® pm for a 10° and 45° sun angle and 1E-2
W/sr cm” um @ 532 nm for a sun angle of 45°. As the plots show the build up of background noise counts with slot
width is significant even when using band-pass filters with widths of 0.1-0.2 nm. The 100 urad FOV used for the



analysis is a fairly conservative estimate for the worst case daytime “seeing” that is actually site dependent and
could be as lot better providing improved background photon counts.
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Figure 1 Background photons per slot incident on a detector with 100 urad FOV located at the focal plane of a 10 m diameter
collection aperture for some representative scenarios.

2.2 Avalanche photodiode model

The Webb+Gaussian model was used to compare our experimental results to the measurements made with the avalanche
photodiodes (APDs). The theoretical models have been discussed in detail elsewhere'®'"1213 A very brief description
of the model is presented here for the sake of completeness. The number of photons absorbed by an avalanche
photodiode is governed by a Poisson statistical process with probability of absorbing n photons, p(n) is given by
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n

" where 71 is the average number of absorbed photons, ¢ is 1.6E-19 the electron charge (coulombs),.

p(n) = ,
n!

Furthermore for PPM detection where an optical power P(f) is incident over the slot duration T; is related as
m =1(m, +7,)
n, =1(1,)

photoelectrons and 77, & and yrepresent APD quantum efficiency, Planck’s constant and optical frequency, respectively.

In an APD the probability that m secondary photoelectrons will be generated due to avalanching, from the absorption of
7 photons is approximated by the continuous Webb probability distribution?.

where ﬁs and N, represent mean signal and background
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where, G represents the APD internal gain, F is the APD’s excess noise parameter. In addition to the secondary
electrons generated by avalanching, noise electrons generated due to surface leakage and thermal effects, with a
Gaussian probability distribution function, contribute to the output current signal from the APD. The additive effects are



modeled as a Webb+Gaussian (convolution of Webb with Gaussian) probability distribution function. The mean and
standard deviation of the Webb distribution is given by m; and s; where i=0 and i=1 denote a non-signal and signal PPM
slot:
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Furthermore the mean and standard deviation for the Gaussian contribution is given by m’, s* where
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where, [, denotes the APD bulk dark current in (amperes), I; is the APD surface leakage current (amperes), B is the noise
bandwidth (Hz), x is Boltzmann constant, Ry is the feedback resistor on the transimpedance preamplifier and T is the
equivalent noise temperature.

As elaborated in ref. 11 a number of parameters can be defined based upon the means and variances of the
Webb and Gaussian distributions. A signal to noise (SNR) parameter, 0 = (m1 — My, )2 / (sg +s'2), measuring the

ratio of the mean energy difference in signal and non-signal slots to the variance in non-signal slots. A second SNR
parameter with reference to the excess noise variance in signal slots above that in the nonsignal slots can also be defined
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where as O~ —> oo the Webb distribution reduces to a Gaussian i.e. incidence of a large number of photons on the
APD can be reliably represented by a Gaussian distribution function. The difference of the skewness parameter for the

as Y= (ml —-m, )2 / (312 - sg ) A “skewness” parameter o’ can be defined for the Webb distribution

signal and non-signal slots provides another parameter A = 5,2 —502 that measures the degree to which the PPM
signaling Webb distribution deviates from a Gaussian. It is noteworthy that while the Webb distributed photoelectrons
can reduce to Gaussian because of a large O ? the Webb+Gaussian distribution itself can approach a Gaussian depending
upon a parameter 3 = sg / (sg +s'2) that determines the blending of the Webb and Gaussian components. The

convolution of the Webb and Gaussian distributions can be expressed in terms of these parameters, which in turn can be
expressed in terms of the detector/pre-amplifier combination parameters. This approach was used to compute the
theoretical non-signal and signal slot statistics for comparison with the experimental measurements.

For M-ary PPM the total charge is integrated over the slot duration time T, resultin% in a vector of M
independent observable quantities accumulated for each received PPM word. It was shown' that given these
observables, the maximum likelihood detector structure consists of choosing the PPM symbol corresponding to the slot

with the largest accumulated charge value. If ﬁb and ﬁs are the mean number of absorbed background photons per slot

and the mean number of absorbed signal photons per pulse, respectively, the M-ary PPM theoretical symbol error rate
(SER) is:
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where, p(x| n;) denotes the probability density function for the slot statistic given n, mean number of signal plus noise

absorbed photons over the slot duration. The theoretical bit-error rate (BER) can be obtained from the SER by using the
relation:

M(SER)

BER =
2AM - 1)

.M

In order to make the comparison the detector properties such as 7, G, F, I, I,, B, Ryand T must be known.
3. EXPERIMENTAL SETUP

Figure 2 shows a schematic block diagram of the experimental arrangement used to make the measurements for
evaluating detectors. The setup consists of a Q-switched Nd:YVO4 laser oscillator'® used to output 1064 nm laser pulses
at variable repetition rates ranging from 1-100 KHz. As shown in the dashed box an extra-cavity frequency doubling
arrangement was utilized when 532 nm light, was required. A high energy beam splitter and 532 nm band pass filter are
used to minimize the 1064 nm light that is transmitted to the enclosure when using the frequency doubler arrangement.
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Figure 2 Block diagram of the experimental arrangement used to evaluate detectors

The laser pulse train passes through a series of attenuators and enters the enclosure where a lens simultaneously
focuses the beam on the detector under test and on to an Anritsu Model MA9802A power-meter. By knowing the
reflection and transmission of the pellicle beam splitter the fraction of average laser power incident on the detector can
be monitored and recorded. The enclosure allows only laser light or alternately, controlled amounts of background light
to be incident upon the detector. The white light is guided into the enclosure with the aid of a second pellicle beam
splitter located near the enclosure entrance. The white light incident on the detector is filtered through a narrow band
pass filter so that background photons are predominantly in the same optical band as the signal wavelength.

The detector output followed by pre-amplification is fed directly to an oscilloscope. The storage oscilloscope
uses an 8-bit digitizer with 8 Mbytes of storage capacity. The memory is shared by a data file that consist of 4 million
records of the detector output and a trigger file that contains a trigger marker for each Q-switched laser pulse emission



event. The trigger file can be obtained as an electronic output of the PPM modulator that works in a ring-counter mode
to sequentially advance the slot in which the laser fires. Alternatively, it can be derived from the photodiode output as
shown in Figure 2. There is a fixed delay between the stored trigger and the corresponding pulse. When using the
electronic trigger output from the PPM modulator the delay has an uncertainty associated with the timing jitter of Q-
switching, however use of the photodiode output eliminates this uncertainty.

Table 1 lists the manufacturer, model number and detector parameters used with the theoretical models
described in the previous section. As indicated in Table 1 internal gain was obtained through measurement for two out
of three cases while in the third case the gain value that provided the best fit with theory is tabulated. The noise
equivalent temperature is obtained by fitting measurements and theory. All the other parameters were taken from the
detector data sheets.

TABLE 1
Si APD NIR Enhanced Si APD | NIR Enhanced Si APD
3 mm diameter 3 mm diameter 0.8 mm diameter
Advanced Perkin Elmer/EG&G Perkin Elmer/EG&G
Photonix (API) | C30659G C30659G
Model 118-70- | @ 1064 nm, 25°C @ 1064 nm, 25°C
74-641
@532nm,-10°C

QE (1) 0.8 ' 0.38 0.38

PPM alphabet size | 256 256 256

M)

PPM Slot Width | 25 ns 25ns 10 and 25 ns

(19

Tonization ratio (k) 0.0015 0.02 0.02

Average Gain (G) 310 (measured) | 35 (fitted) 100 (measured)
Surface dark | 4.2 nA 600 nA 80 nA

current (I,)

Bulk dark current | 42 pA 200 pA 50pA

)

Eq. Noise temp (7). | 4000 K (fitted) 1800 K (fitted) 1000 K (fitted)

Load resistance (R) 10 KQ 10 KQ 10 KQ

3-dB Bandwidth 37 MHz 210 MHz 195 MHz

NEP (dark) - 0.37-0.5 WAHz 0.07-0.1 WANHz

NEP - 0.55-0.75 WA Hz 0.27-0.38

@ -39dBm (1060 nm) | @ -44dBm (1060 nm)

The API Si APD was procured as a thermoelectrically cooled module and was used with a 50Q2 AC coupled
output feeding directly into the oscilloscope.

The Model 30659G EG&G APD’s have a preamplifier integrated to the APD chip. A customized mounting
adapter was designed and fabricated with connectors for the high voltage bias and a 50Q AC coupled output. The
thermal monitor and control output pins that allow servo controlling the APD gain with temperature variation were not
used during the laboratory tests, conducted in a thermally stable environment.

In a typical experiment the pulse train resulting from the laser being triggered by the PPM modulator is incident
on the detector after undergoing a desired amount of attenuation. The detector output is recorded on the digitizing
oscilloscope with sampling rates of 0.5-1 GS/s. A simultaneous record of trigger pulses that serve as time markers for
pulsing of the laser are also stored. Typical attenuations in our experiments result in average powers less than —-65 dBm,
the lower limit of the power meter sensor. The laser power drifts with time, so immediately before and after acquiring
data the attenuation is removed to allow a power measurement to be recorded with the shutter blocking the bright light.
The average of the power readings taken before and after data acquisition are then appropriately reduced according to
the calibrated neutral density filters used. The average pulse energy is determined from the average laser power. Data



sets are acquired while the attenuation in the laser path is varied. With the laser generating 50K-100K pulses per second,
a typical PPM sequence consists of 400-800 pulses or frames per acquisition.

Post processing of the data consists of identifying the trigger marker positions from the stored trigger file. The
trigger markers are compared to one of the low attenuation data sets where every pulse was detected in order to compute
a reliable trigger delay. Using this delay each data set comprised of trigger and laser files are processed, first to locate
the frame start and end positions, and then to apply a maximum likelihood algorithm to identify the slot with largest
integrated signal in each frame. These slots are compared to the trigger markers where the laser is known to have fired.
This comparison yields the symbol error rate (SER) from which the BER is determined using equation 6.

4. RESULTS

Figure 3 shows a typical example of a data record where only 20K records sampled at 500 MHz. The upper trace
represents the trigger channel while the lower trace shows the APD output. The 0.8 mms NIR enhanced Si detector was
used to generate the data shown in Figure 3.
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Figure 3 A typical portion of acquired data showing 50 K points each, of the trigger and the APD/preamplifier output sampled at
500 MHz by the digitizing oscilloscope

Figure 4 shows the recorded pulse widths with the different detectors that have been tested. The laser pulse
temporal response represents the impulse response of the detector/pre-amplifier combination, and influences the slot
width that can be used for PPM. As shown the 3 mm Si APD with a 37 MHz bandwidth has a 20 ns full width (FW)
while the NIR APD’s with ~ 200 MHz bandwidth yield 8-13 ns FW. Based upon the temporal pulse widths shown in
Figure 4a, b and c slot widths of 8, 15 and 25 ns respectively would be desirable. The laser!’ pulse itself has
approximately 4 ns full width and a 36 pulse timing jitter of +/- 5 ns. Thus when triggering the oscilloscope with the
PPM synchronous output 25 ns slots were used for all the detectors. However for the 0.8mm diameter NIR APD the
performance was evaluated using the optical photodiode trigger in order to eliminate the effects of laser jitter, and are
presented below.

PPM data sequences were recorded by each of these detectors as described above and the signal and non-signal
slot probability distribution functions (pdf) were compared with theory. The oscilloscope measures accumulated voltage

and not charge, hence the theoretical results are multiplied by the factor (gR 7 / T, ) . Because of unkown bias sources

in the measurements, the peaks of the experimental and theoretical noise pdfs were manually matched. In the results
presented below, detector gain has been measured for the 3 mm diameter Si and 0.8 mm diameter NIR enhanced APD.
Pulse height as a function of known average power was recorded and the responsivity in V/W was determined. This was
converted to responsivity in A/W by using the feedback resistance R. The detector responsivity can then be divided by



the zero-internal-gain responsivity Ry, defined as, ﬂql ! he , (A and c represent wavelength and the speed of light), to

yield an estimate of internal gain. The noise equivalent temperature T is used as a free fitting parameter to manually fit
the width of the observed pdf’s.
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Figure 4 Impulse response of detectors under test (a) 0.8 mm diameter near IR (NIR) enhanced APD (b) 3 mm diameter
NIR enhanced APD (c) 3 mm diameter NIR enhanced PMT (d) 3mm diameter Si detector.

The noise equivalent temperature is used as a lumped parameter to account for all sources of random noise including the
bias source, the transimpedance amplifier, the readout electronics and the digitizer noise. The validity of varying T to
match with theory requires further assessment and will be undertaken in future work. The approach used suggests that
effectively lowering T would result in a reduction of the cumulative noise variance, thereby improving performance. A
final check on the parameters was to compare the estimated dark and illuminated noise equivalent powers (NEP) in

W/NHz specified for the EG&G detectors, with the dark current, ionization constant, gain, and quantum efficiency
shown in Table 1 according to the relation:'®

i . .
R\'}E ; where, i’ = 2q[l s+ (I ,» + PR, )]B + l:a ;  P,isincident power, responsivity R = R,G, and

NEP =

and i,, is an equivalent pre-amplifier noise current that was taken to be 30 nA. The NEP thus derived using all the

values in Table 1 fell within the specified NEP values for the detectors shown on the data sheets and included in the last
two rows of Table 1.
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4.1 532 nm APD probability density function measurements
The comparisons of measured results with theory for this detector are shown in Figure 5. The measured gain

was 310. The equivalent noise temperature, T, determined by manual fitting was 4000 K. As shown in Figure 5a and b,
for n,=0 the experimental measurements fit theory well. Though the measured background photons per slot were 100,
n, = 125 yielded a better match with theory. Likewise, in Figure 5d, n, = 150 instead of the measured 116, with n,=125
gave the fit displayed. The deviation in photons per slot for both background and signal fall within the +/- 30 %
uncertainty in these measurements, due to the indirect method used to measure the power.
4.2 NIR enhanced APD probability density function measurements at 1064 nm

For the 0.8 mm APD the results are presented in Figure 6. 7=1000K matched best for this detector. In Figure 6a
n, = 90 compared to the measured value of 63 provided the fit shown. Similarly in Fig 6b n, = 290 gave the best fit
instead of the measured n, = 166. In Figure 6¢ the theory and experiment match well for n, = 266 and n;, = 435 instead
of the measured n, = 400. Finally in Fig 6d n, = 500 and n, = 435 was used to fit the data for which n; = 415 and n, =
400. The deviation between measured and fitted values fall within the +/-30% uncertainty associated with the incident
average power measurements.

For the 3 mm detector similar matches were observed (not shown). Here the fitted value of T was 2000K. The gain
for these detectors was taken to be the value that best fitted measurements and theory. No measurements were made in
the presence of background, nor could the gain be measured because the detector failed during testing due to inadvertent
over exposure to laser light.

4.3 BER characteristics of the APD’s

The BER characteristics of the APD’s were compared to theoretically derived curves for M=256 PPM. The
Webb+Gaussian model, as well as, the Gaussian approximation were used to calculate the BER’s and are presented in
Figure 7as solid and dashed lines. The data points represent a number of measurements made on each detector. The

BER is shown plotted against 77, / log, (M) as photons/bit. Thus the 532nm theory and measurement both show 11-12
photons/bit @ 532 nm in the absence of any background. The agreement in the presence of background is not very good



as shown in Figure 5¢ and 5d: the theory fits the pdf’s better for 125 background photons. However, the discrepancy is
not very large and may be explained by uncertainties in measuring the background light.
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Figure 6 (a) n,=63, ny=0(b) n, =166, ny=0(c) n, =226, n,=400 (d) n, =415, ny=400

Two sets of data taken with the 0.8 mm diameter NIR enhanced APD are shown in Figures 7b and 7c. Agreement
with theory is generally very good. Approximately 23 +/- 7 photons/bit are required at 1064 nm in the absence of
background in order to obtain a BER of 0.01. With an increase in slot width to 25 ns, about 32+/-8 photons/bit are
required to get a BER of 0.01. Furthermore with ~400 photons of background the required photons/bit nearly double.
Note that the 25 ns BER curves used the electronic trigger and include laser pulse jitter effects. Finally, Figure 6d shows
the results in the absence of background obtained with a 3 mm NIR enhanced APD where approximately 100+/- 20
photons are required to obtain 1E-2 BER.

5. CONCLUSIONS

Comparisons of a variety of APD detectors with a theoretical model have been presented. Progress has been reported in
reconciling the observed measurements with theory. The extent of agreement between experiment and theory shown is
premised upon the following assumptions: (1) extraneous noise sources are Gaussian and can be lumped together to
effectively increase the equivalent noise temperature (2) the technique employed to measure the internal gain is valid.
Both of these assumptions need further confirmation. Within the reliability with which the number of signal and
background photons per pulse were determined, the agreement appears to be good.

The desired deep space ground detector (that will eventually be required on the spacecraft as well) will
probably require a combination of the sensitivity of the 532nm APD and the bandwidth characteristics of the 0.8 mm
NIR enhanced APD. Furthermore, developments directed toward improving ionization ratio and quantum efficiency, as
well as, lowering of the noise equivalent temperature would prove to be beneficial to deep space optical links.
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Figure 6 A comparison of theoretical and measured BER characteristics: the dashed lines represent the Gaussian approximation
and the solid lines represent the Webb+Gaussian model. (a) data using the 3mm diameter Si APD with and without background
(b) 0.8 mm diameter NIR enhanced APD with 10ns slots and optical triggering that removes the uncertainty in laser pulse jitter (c)
0.8 mm diameter APD with 25 ns slot width in the presence of background (d) 3 mm diameter NIR enhanced Si APD without any
background.

From an optical link standpoint it appears that in the absence of background the 3 dB second harmonic
conversion loss associated with converting to 532 nm will provide significant overall sensitivity gain, especially if large
3 mm diameter detector areas are required. However, this advantage diminishes once daytime background comes into
play as suggested by Figure 1. Therefore the strategy of being able to switch transmitter wavelengths on the spacecraft
and detectors on the ground may be very useful for optimizing performance under varying environmental conditions.
Based upon some of the link budgets that have been analyzed, the 0.8 mm diameter Si APD @ 1064 nm and the 3mm Si
APD @ 532 nm could support deep space links from Mars and Europa,” for example.
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Introduction
=.M___________=&ﬂm_*

Required Power + Link Margin = Transmitted Power + Net Link Loss

Deep space links involve huge (1/R?)

Link equation for direct detection

satisfied by large peak/average power /

ratios
Inter-planetary

- Solid state pulsed laser transmitters Distance R
pulsed iase - === )

- Pulse position modulation (PPM) /
¥ =
-~
L-==7 K
/ z 1
/
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s Siren / 4

 Receiver
CooTn S/C tracking and Light Collection system
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el Introduction (cont'd) iﬂﬂ—ﬂ—*

Required detector optical power for direct detection plays
critical role in overall link design

At JPL we are evaluating select commercially available
detectors by comparing laboratory measurements with
theoretical models

- avalanche photodiodes (APDs)

- photomultiplier tubes (PMTs)

This presentation will report on progress made with APDs
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| Link Considerations
=£L_—_—————-——————_——‘DD—D——*

Required APD signal for desired bit-error rate and PPM modulation depends on

- Device characteristics

- quantum efficiency n
internal gain G
ionization ratio k
bulk dark current (/, amps)
surface dark current (/_amps)

> APD Model

-Electronic

- detector and preamplifier noise spectral density (T)
- detector preamplifier temporal response (B Hz)

- PPM parameters
- slot width (T, secs) and alphabet size M

> Link design
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el Link Considerations (cont'd) m

Assuming laser transmitter wavelength (1) of 1.06 um and ground telescope
diameter of 10-m

- 2- 3 mm diameter detectors for worst case day time “seeing” of 1- 2cm (50-100 urad)

- 100 um detectors for best case “seeing” of 10-20 cm (5 — 10 prad)

Combine link parameters to predict in-FOV background reaching detector

nr = aperture collection efficiency

D =receive aperture diameter (m) —&—0.1 nm NBPF @ 1064 nm 10 deg to sun
Qg = Solid angle FOV (sr) o=l ().2 nm NBPF @ 1064nm 10 deg to sun
W(1) = Sky Radiance (W/sr umcm?) wgre=().1 M NBPF @ 1064 nm 45 deg to sun
A\ = optical filter bandpass (um) = & =0.1 nm NBPF @ 532 nm 45 deg sun angle

h = Plancks constant

¢ = speed of light 7.00E+02

6.00E+02 |-
5.00E+02
4.00E+02 |
3.00E+02
2.00E+02 |
1.00E+02
0.00E+00

n (1)= n D’ Q AAW (1) T.A
4 hc

Background photons
per slot nb

Sets an upper bound on

background photons per slot
n,

5 10 15 20 25 30 35
Slot Width Ts (ns)
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Tl APD Model ' g[I1 T

Poisson statistics governs

generation of primary photoelectrons
APD

Feedback resistor

R,

>__

n"\ -
p(l’l) =|—|q g= electron charge

n is the average number of absorbed
photons, for PPM with slot width Ts

and average incident power P(t) Transimpedance amplifier
T — — — —
y n = n +n
ﬁ — _77_ jP(t)dt — 1 77( b s) n= quantum efficiency
— —_ n, = signal photons/slot
hv 0 n, = 77(” b ) vy = optical frequency

probability of generating m secondary photoelectrons given n primary

photoelectrons given by Webb approximation

p(m|n)=

2nGF(1+Y)

— 2 m—-nG | G=APD gain
1 1 p( - (m -nG) ) =~ f | F=APDexcess noise

cX
V2mmGEF 1+ X))
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APD Model (cont'd)
—JdPL O o S

Additional surface leakage and thermal noise secondary photoelectrons with

Gaussian probability distribution function (PDF) contribute to APD output

Convolved Webb+Gaussian PDF characterizes APD output
2 —— .
p(x | n) = Z¢(x, m;,s' )p(m | n) Gaussian PDF
m=0

Mean and std. dev. for Webb: m; and s;; and Gaussian: m’and s’; are defined

LT |, | _ LT |. i = 1 denotes signal slot
i = G[nn,. * g }’Si _[77”" * g }G £ i = 0 denotes non-signal slot

, Laser pulse Laser pulse
IT I T 2T, P
2
m=—%;5""=2BT | =~ +kT 5 Lyl e .
q q R.q -U ‘ ............. \ \ T, ‘ ‘ ‘ ------------- J\ .
l,=bulk dark current < >< >
| = surface dark current T, T,

B = bandwidth
PPM timing scheme
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el APD Model (cont'd) i Nl

Define parameters in terms of Webb and Gaussian means and std. dev.

p= (m1 —m, )2 /(sg +S'2) Signal-to-noise (SNR) parameter

y = (m —m )2 /(s2 _Sz) SNR with reference to excess noise
- 1 0 1 0

“skewness” parameter
as 02, ; Webb , Gaussian

Difference in “skewness” parameter
for signal and non-signal slots

Parameter governing blending of
Webb and Gaussian components

Webb+Gaussian PDF can be expressed in terms of these parameters
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=l APD Model (cont'd) i Nl

For M-ary PPM the total charge integrated over the slot duration time Ts

results in a vector of M independent observables

Use maximume-likelihood detector structure consists of choosing the PPM
symbol corresponding to the slot with the largest accumulated charge.

M-ary PPM symbol error rate (SER) is given by

o x M-1
P(M)=1- jp(xlﬁ){ jp(ym)dy} dx

_ M(SER)

BER =
2AM 1)
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Experimental Setup
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Experimental Setup (cont’d)
S | = | I itbebliiaionlidebnet o S - 11 M1 Y

0.8 mm dia NIR Si APD

EG&G!/ Perkin Elmer Impedance-matched

Model 30659G Mounting boards for APDs
3 mm dia NIR Si APD 1 & 3 mm dia InGaAs
EG&G/ Perkin Elmer photodiodes

Model 30659G

Photon-Counting APD

3 mm dia Si APD

3.0 mm dia
NIR InAlAs/InGaAs PMT

HVTC Board HV Module
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APD Parameters
QLEL#*DM_*

Si APD 3 mm dia Si APD 3 mm dia Si APD 0.8 mm dia
Advanced Photonix Perkin Elmer/EG&G Perkin Elmer/EG&G
Model 118-70-74-641 | C30659G C30659G
@532nm,-10°C @ 1064 nm, 25°C @ 1064 nm, 25°C

QE (1) 0.8 0.38 0.38

PPM alphabet size 256 256 256

M)

PPM Slot Width (7)) 25 ns 25 ns 10 and 25 ns

Ionization ratio (k) 0.0015 0.02 0.02

Average Gain (G) 310 (measured) 35 (fitted) 100 (measured)

Surface dark current 4.2nA 600 nA 80 nA

()

Bulk dark current 42 pA 200 pA 50 pA

)

Eq. Noise temp (7). 4000 K (fitted) 1800 K (fitted) 1000 K (fitted)

Load resistance (R) 10 KQ 10 KQ 10 KQ

3-dB Bandwidth 37 MHz 210 MHz 195 MHz

NEP (dark) - 0.37-0.5 W/VHz 0.07-0.1 WAHz

NEP 0.55-0.75 W/NHz 0.27-0.38 W/\NHz

@ -39 dBm (1060 nm) @-44dBm (1060 nm)
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o Experimental Results

x10°
T ' : T T T v
.

t!ng ers
<

Lo
Typical segment of typical data record s \

Accumulated voltage = p(m |n 9 R ;

s

Signal (mV)

\ Detector output

L n " L
0 05 1 15 2 25 3 35 4 45 5

Time (ns) o

PPM slot width limited by impulse response

of detector

1xw" . O.MmAPI"): Typical Puse, 500 MHz Sampling 1,uo" 3 APD: Typicel m,soom-dz‘ Sampling .
e E\Q &re\c /9\ S e P . A 0.002 T T T ] |
R Vi ] 4 . T RN N 100 Mos 120
o % ‘/ ..
- \ { B At ] S 0 L X ‘/' R4
2 \\\ b / ‘f; \‘\VQ /
s ( %" / 1 e -0002 | \ ?
1
? % Al i ] 2 ;
/ 1 & -0004 | b
4 f 4 \’\ ‘
il | -0.006
Time (ns)

Laser Pulse Width sensed by Laser Pulse Width sensed by ;_%ser Pués_i\gl'jdth sensed by
0.8 mm APD 3 mm APD Omm Si

Pulse width = 10 ns Pulse width =13 ns Pulse width = 20 ns

January 22, 2002 Photonics West 2002 (4635 Free-Space Laser Communications Technologies XIV)



!E! Experimental Results Compared to Theory . o

Comparison of measured versus calculated PDF’s with T as free-fitting parameter
532 nm measurements with 3 mm dia. Si APD
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=] Experimental Results Compared to Theory . o

Comparison of measured versus calculated PDF’s with T as free-fitting parameter

1064 nm measurements with 0.8 mm dia. Si APD
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=l Experimental Results Compared to Theory iﬂm—%

Comparison of measured versus calculated PDF’s with T as free-fitting parameter

1064 nm measurements with 3.0 mm dia. Si APD
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Experimental Results Compared to Theory
Summary of BER results compared to theory
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Conclusions

Performed comparisons of measurements on a a few Si APD detectors
with a theoretical model

With following assumptions

- extraneous noise sources are Gaussian and can be lumped into an effective equivalent
noise temperature ( this assumption needs further confirmation)
- measured estimates of gain are more reliable than manufacturer reported value

3 mm Si APD w/ QE =80% @ 532 nm has a 1E-2 BER sensitivity of

12 photons/bit with no background
18 photons/bit with 100 photons/slot for 25 ns slot

0.8 mm NIR enhanced Si APD w/QE=38% @ 1064 nm has 1E-2 sensitivity

23-32 photons/bit with no background for 10-25 ns slot
58 photons/bit with 400 photons/slot of background for 25 ns slot

3 mm NIR enhanced Si APD w/ QE =38% @1064 nm has 1E-2 BER sensitivity
100 photons/bit with no background and 25 ns slot width
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