41% Annual Precise Time and Time Interval (PTTI) Meeting

CHARACTERIZATION OF NOISE PROPERTIES
IN PHOTODETECTORS: A STEP TOWARD
ULTRA -LOW PHASE NOISE MICROWAVES*

J. Taylor,” F. Quinlan®, and S. Diddamg
"University of Colorado Physics Dept.
390 UCB, University of Colorado, Boulder, CO 80309, USA
"National Institute of Standards and Technology
325 Broadway, Boulder, CO 80303JSA

Abstract

Very-low-noise microwave signals are desirable for many staté¢he-art applications,
including many types of radar and imaging systemdidowever, even statef-the-art rf
oscillator technology for producing signals into the tens of gigahertz range does not generate
signals with low enough phase noise for these important systems to work to their full
potential. A new approach for achievingnicrowave signals with ultrdow phase noise
involves using an optical frequency divider that has as its reference a natioewidth CW
laser. Femtosecond laser frequency combs provide an effective and efficient way to take an
ultra-stable optical freqency reference and divide the signal down into the microwave
region. In order to convert optical pulses into a usable rf signal, one must use {sigbed
photodetection; unfortunately, excess phase noise from both technical and fundamental
sources can arisin the photodetection processin order to ultimately minimize the noise
effects of the photodetector, we must first characterize some of the known sources for noise
arising in these devices. In this paper, we will study two sources of excess noiséigh-
speed photodiod@spowerto-phase conversion and shot noisélhe noise performance of
each device will give us clues as to the nature of the sources, their effect on the output
signal, and what design features of the photodiode minimize these néfisete

I. INTRODUCTION

Many technologies like radar and imaging systems require-le@ynoise microwave sigis in order

to push the limits of their performanceélowever,even statf-the-art rf oscillator technology isot
capable of performing dhe low noise levels required to reatthese new requirement&esearchers
haverecentlybegun to looko optical sources such aggh-y n e s s e cavifiesas a mdans for
generatingultra-stable signalsA self-referenced femtosecond laser frequecmyb stabilized tone

of these cavitiefunctions as an opticab-microwave frequency divider that transfers the low phase
noise properties of a narrow linewidth continuomave (CW) laser to the repetition rate of the
femtosecond laseproducing a very low phase noise souircghe tens of gigahertz rangefficient
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for these new applicatior{Eigure 1)[1,2].

Photodetection of theptical pulse trairgenerated from the conresults in a corresponding train of
current pulses, which iturn provides acomb of microwave frequencies e laser repetition rate
and its harmonics. In this way, we have previously demonstrated the generation &Hz 10
microwave signal havingdctional frequency instability of no more tharx 10™ in 1s averaging
[1]. The residual phasenoise in the opticatto-microwave division can be as low as L (f) =
-110 dBc/Hz for an offset frequencyof 1 Hz, reachinga shotnoiselimited noise floor of L (f)

= -158dBc/Hz for f> 100kHz. Integrating the phase noise results in-feutosecond residual
timing jitter [2].
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Figure 1. Basic diagram of opticab-microwave frequency division.

With such lownoiselevels, any additional noise contributions from components in the system can
have a significant effect on overall timing precisionn this paperwe focus on some of the
limitations unique to the opticéb-microwave conversion in the photodetectionttu# optical pulse
train. In particular, we study th saturation properties of higipeed (greater thatOGHz)
photodiodes (PDs) and the impact of the saturation on (1) the achievable signal sizemwbith
combined with the detector shot ngiggovidesthe fundamental white noise floor, and (2) the
conversion of laser amplitude noise to phase or timing jitter Gaigeto-PM conversion)

[I. PHOTODIODES AND LASER SOURCE

For this study, weurvey the performance of fobhigh-speedgreater thari0 GHz) photodetectors in
the spectral region around 900 nm of etabilized,1 GHz repetition rate modecked Ti:Sapph
laserused for microwave generati¢h,2]. Using a nonlear autocorrelator, we measthe pulse
length at the end of a v+ SMF pigtail to be ~ps, andve assumehatpulses of approximately this
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duration illuminate the photodiodes. Up to @B can be coupled into th€D pigtails, and the
average powes controlled by a variable neutdgnsity filter.

The first two test photodetectors ageternally biasednGaAs RI-N photodiodesby the same
manufacturer.The first, PD1, is a packaged diode coupled to a simgléefiber (SMF, ~9um core)
pigtail. All measurements are takenattm@ nuf act ur e rm@aemumisasa Mvhelhed
second photodiode, PDi& very similar to P, but employs an integrated and packaged graded
index (GRIN) lens at the end of its coupling SMAhe GRIN lens shapes thaptical beamto
produce a more uniform illumination profile (ffadp rather than Gaussian) on the photodiode; this
suppresses peak photocurrent density and more effectivetyinbites the whole diodg,4]. This
diode can be operated upageak bias voltage of\®; unless otherwise notedll measurements are
taken at this bias valueIn this spectral regime, the responsivity of dhéwo photodiodes is
0.3mA/mW (PD1) and 0.26nA/mW (PD2), respectively.

Test diode three, PD3, is a packaged InGaAs Schottlegtet A 9 V bias is maintained by a battery
within the detector housingAt 900 nm, responsitivity immeasured to be 0.3A/mW. In the past in

our lab, similar units experienced device failure at higher optical powers, so for these tests the
incidentoptical power was kept under 7 mW as a precautibime fourth test photodiode, PD# a
packaged GaAs PIN detectoith anSMF pigtail andan internal battery bias 6fV. Responsivity is

a measure.12 mA/mW at 900 nm.All four diodes are terminateglt 50 Y.

. SHOT NOISE FLOOR

Photodiodes work by convertingcoming photons intan outgoing electrical current within the
semiconductor media. There are intrinsic amplitude and phase fluctuations of the electrical current
that arise from two futamental phenomena: thermal noise and shot noEeermal (Johnson,
resistive)noise is associated with random fluctuations of the current across resistive elements of the
photodetection circuit (e.gthe lbad resistor of the photodiode)Shot noise isrelated to the
randomness of the incident photon strg&r@]. In a typical highspeed detection system with a0
termination, the shot noise dominates the thermal foisphotocurrents greater than approximately
0.5mA (see Figura). It is thisregime that we consider in this paper.

The rms shot noise current in a single quadrature fdase quadrature) is given by

ishot: \/ eiavgBW '

where BW is the measurement resolution bandwidth (henceforth assumed tbizhpeelis the
elementary charge (1610™ C), andia is the average photocurrent created by the incident optical
power[5]. The shot noise powely,; is related to the shot noise current by

- 2 -
I:)shot: IshotR =ehdR,

whereR s the load resistor of the PD, typically §QFigure 3(a)) The thermal nois power at room
temperature ishown for comparison as the dashed line in Figure 3{bg spectrally white shot noise
will be the fundamental noise floor in the detectiontlod microwave signals we are ultimately

interested in. Relative to the power in the signal, it can be expressed in te$j5'§t(off) , the PSD of
phase fluctuations in aHz bandwidth; this is the ratio of the shot noise power to the mis®wa
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carrier powerPy. Noise is most commonly described logarithmically by the sisgleband noise,
L(f), which is related t&( f) by the following expressiofY]:

L(f)=10log[5 S(f)].

Then our final expressidier shotnoiselimited noise floor is given by

ei,,,R
5" =10log| —2— |.

rf

To determine the shot noise floor for the desired5Hx signal, we measured the output of each PD on
a microwave spectrum analyzer and on a voltmeter using a bias tee (seeZfigl®m the dc
voltage reading, we can calculate average photocurrent simplyiugiryy/R, where R=5@ .P; at
10GHz is measured in units of dBm ditly from the spectrum analyzer and is proportionziﬁat,g

Voltmeter
Optical Bias Microwave
. ———1 PD Spectrum
input Tee
Analyzer

Figure 2. Schematic of shot noiseeasurement.

Shot noise,LZhOt, one part of the total noise performanae a function of average photocurrent was

calculated fron measured photocurrent for each photodiadée plotted in Figur&(c). It does not
include noise contriltions from any other source, including thermal noi§ée shot noise floor for
each PD varies slightlyecauseeach haslifferentresponsivity resulting in different signal sizes at 10
GHz so noi se | evel amagheéfour[d. Ifwe mé¢abuyed thedatapnaiseaftiie e
photodetectors, their noise plots would be limited by the thermal noise flashddine in Figure
3(c)) until the point at which the shot noise exceeds the thermal, noigghly 0.4 mA for a PD with

responsivity of 0.3 mA/mW.PD1 begins to saturatesavilyin this region and we seel_;h"t increase

as the photocurrent is increaserhis is because the 18Hz signal power decreases under saturation,
while the shot nise power continues to increasBD3 and PD4 remain linear to about 1 mA; PD4
appears to saturate a bit faster than PBB2 remains nearly linear up ~3mA, resulting in a 1@B
improvement of the noise floowver PD1
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Figure 3. (a) Shot and thermal noise power levelb) Signal power for the 10 GHz
, of the four test diodes calculated from

tone from laser pulse(c) Shot noisdl.

shot

¢

average photocurrent,,, The thermal noise floor is noted for reference; when
measuring all noise, photodiode performance would follow this limit (not fall below
it) until the point when the two functions cros3.hen shot noise dominates over

thermal noise until saturation.

While all photodiodes differ in intrinsic characteristics d®haviors at different frequencies, these

data illustratehat, due to the power dependence of both thermal and shot noise, high power handling

in the photodiode is an important critarifor minimizing these effects in the resulting signal.

IV. POWER-TO-PHASE CONVERSION

While operating at higher power might improve the shot noise floor, another-gdependent effect,
powerto-phase fluctuationis observedo adversely affect the transition from optical to microwave
within the photodiodd7-10]. Br oadeni ng

when the incident optical power is increased (amplitude fluctuatasishown in Figurd. This

of

a

PD6s el

ectri

c al

pul s

means that there is a delay in the transmission of photocarriers generated by the incident pulse train

across the photodiodelf more photocarriers are generated when the optical power is increased, then

interactions between them generate internaltrte@ields opposing the bias field of the diode,
increasing the transit time of a photocarrier and resulting in a broadening of the outp(i a3k
Ultimately, this affects the overall phase noise of the generated microwave sigmahsing theibs
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voltage is one way of improving powt-phase fluctuations; however, device failure due to runaway
of dark current occurs due to a bias voltage that gets too(kgesection 11j4,14].
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Figure 4. Impulse response of PD1 (a) and PD2 (b) measured with a 20 GHz

sampling oscilloscope. A's optical power increases, PD1O6 s

significantly more than PD20s.

This effect can also be seen by plotting the full width at half max (FWéiMje pulsewith respect to
changing incident optical power, as in Fig@(a). PD1 and PD3 exhibit faster broadening than PD2
and PD4. Due to the power limitations on PD3, it is unknown how this trend continues at higher
optical powers.

Two differentways ofqquantifying this effectin photodiodesare described belawThe first method
extracts phase information from the electrical impulse respassmeasured with 20GHz sampling
oscilloscope, using Fourier transform analysis, which lmarperformed by manwidely available
computer programid5]. Taking the FFT of the impulse response provides the RF phasdians A
cubic polynomial is fitted to a plot of RF phase vs. optical power, and the fpoywhase conversion

(PPC)factor,g—g, at a given optical power is the slope of the fitted line with respect to average optical

power at that point.Figure5(b) shows PPC factor as a function of optical power for PD1, PD2, and
PD4. PD3 was not included in this analysBD1 exhibits high peer-to-phase conversion, while PPC
for PD2 and PD4 is lower.
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Figure 5. (a) FWHM as a function of optical power for the four test diod¢hs)
Powerto-phase conversion factor from FFT analysis.

We canalsoma ke a direct phase measur e me mhis methddng a
shown in Figures, usesan acoustaptic modulator (AOM) to insert a constant 20 kHz modulation of
about 1 % modulation depth on the light source while also stepping thal guiiger into the PD

using a neutral density (ND) filter wheeAn rf mixer dete phase shifts due to power changasd

the output voltage is converted tadiansusing the mixer gain factoky [V/rad]. Sinceky changes

with signal power, we include\ariable attenuataandamplifier combinationin front of the mixer to
compensate for changing optical power at the RBother 30 kHz amplitude modulation is placed on

the test arm.This tone is moitored on theFFT analyzer anis minimizedusing the phase shifter

This sets quadrature at the mixer, allowing only phase modulationtfiddigh tothe mixer output.

The spectral power of the initial 20 kHz amplitude modulation is measured on the FFT analyzer from
the output of the bias tee and then divided by the optical power to find the normalized power of the
input signal. The height of the 20 kHz tone from the output of the mixer (which only contains any
phase modulation from ANb-PM conversion in the PD) ihen measured on the FFT analyzer and
converted to radians as described abolMae ratio of the two gives us the poweiphase conversion

for this method.

Figure 6. Phase bridge setup for Ak®-PM conversion measurement.
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