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A comparison of small signal modulation parameter
extraction techniques for vertical-cavity,
surface-emitting lasers

Christopher J. O’Brien, Marian M. Majewski, and AleksandarRakic

Abstract— The small signal modulation characteristics of a packaging and bonding can severely inhibit high frequency
vertical-cavity, surface-emitting laser (VCSEL) are determined \VCSEL performance [1]. VCSEL chip bonding introduces
using three different measurements: relative intensity noise, capacitance from the pads and resistance from the leads; it i
frequency response, and high resolution optical spectra. The . - o .
resonant and damping frequencies were measured, and related typlca!ly modglled as afirst ordgr RC circuit [3]. The patisi
rate equation parameters were extracted; excellent agreement associated with packaged devices are more severe and tend
was found both between experiment and theory, and amongst the to be represented by more complex circuit models [4], but

different measurement techniques. The results and procedures they still act as low pass filters. Any attempt to measure the

are compared, and the findings are presented below. intrinsic response of a VCSEL will have to account for the
parasitic effects of the packaging and bonding, and also the
|. INTRODUCTION associated frequency response of measurement equipnent an

Vertical-Cavity, Surface-Emitting Lasers (VCSELS) haVgriving circuitry. This can be achieved through accurateust
' modelling of the parasitics, intelligent signal procesgsia re-

rown greatly in popularity and capability. Unlike conven- . !
gonal egdge—eymittir?g pdeviczzls VCSEpLs ar)(/a designed with move the effepts .numerlcqlly, or the (_)bservqtlon pf phg 1Ene
very short resonant cavity, which suppourts a single lon rﬁlated to thglmtrmsm device properties, which will beninme
tudinal mode; light is emitted perpendicularly to the plarie ™© (N Parasitic effects.

crystal growth, allowing the construction of two-dimensib végtEhf gzrketgﬁfr?ggwasﬁéh?eg?eh dsfaetgd;h&;r?g;e”j:;smgt;s
transmitter arrays for high bandwidth-density applicasio xami quation p

VCSELs have low threshold currents, high efficiencies, anac;fzC(:’ii(/gﬁggd;fsgae;']alex%t;?i?;'ggt ;)Ser?(?rlgetg the design and

can be tested on the wafer - minimising manufacturing cosfg!
VCSELs are heavily employed in high-bandwidth commu-

nications applications, and are particularly attractizndi- Il. EXPERIMENTAL PROCEDURES

dates for use in optical interconnects. The maximum rateThe high-speed characterisation of VCSELSs requires great

of direct modulation is limited by the interplay betweertare in the experimental design stages, the precise impkame

photons and electrons, and can be described by the réde of, often complicated, procedures, and very accuveéd,

equations, which are characterised by a second order fneguecalibrated high speed instrumentation. As a result, freque

response [1], [2]: related measurements are very difficult to perform and often

P 9 inconsistent [5]. A number of techniques exist to measuee th

(f) - f (1) intrinsic, high-frequency VCSEL characteristics, andrast

Fo =1+ de% the related parameters. Three different measurementseare p

1 formed on a VCSEL with excellent single mode behaviour,

g = pr. + K[} (@) to compare the consistency of results between technigues, i

" munity to parasitics, ease of measurement, and miscellsneo
K = 272(r, + 7o) 3) factors, such as the availability of equipment and speed of

measurement.
fo=DVP “) A. Relative Intensity Noise

where, 7, is the photon lifetimer, is the carrier lifetime,  Even with a noise free current source, variations caused by
7. is & lumped rate equation parametét,is the optical spontaneous emission will be present in a VCSEL's steady-
power, f; is the resonant frequency, afg is the damping state output; these stochastic variations are referredsto a
frequency. These relationships indicate that a laser$: higg|ative intensity noise (RIN) [6]. The quantity of noisenca
frequency response improves at high drive currents, antd tha calculated by considering the relative amounts of D&(las

A general rule of thumb is that a directly modulated laser

can suppourt a bit rate of up to 1.2 times its relaxation RIN — (§P?%)
oscillation frequency [2], however, the parasitics of devi ~ (P)?

(®)
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Electrical Signal ————  Reflected Signal —----------—- -

Optionl Sinal ~ Opical Fibro erenmeemnee between the two can be fitted to EQl) to determine the
resonant frequency and damping frequency of the VCSEL.

<—||<—D‘—D """" A bias tee is used to combine the RF and DC current

A~
DC Block  Amplifiers \ ot sources; &0 2 microstrip provides matched, low loss signal
Point A Q transmission; temperature is controlled by a peltier, Whg
g/ ? thermally isolated from all other components, Fig. 2.
Drver [ o] Jvese E;;;;;IC_ While the values extracted from the RIN measurement

and high resolution optical spectrum relate to the intdnsi
VCSEL response, the S21 measurements implicitly contain
L . : . package and bonding responses. These parasitics can be re-
Fig. 1. Setup used to measure the relative intensity NOIS€moved numerically, using the subtraction method suggested

by [9]. The S21 of the VCSEL (and associated parasitics)

Point C

Vector Network Analysor Calbration Point at a reference drive current is subtracted from the respanse
,/ other currents. It is assumed that the passive, parasiticesits
® .‘— are independent of current. The resultant magnitude regpon

should be of the form:

Calibration Point

Peltier

L =l 7Y j
RF Signal | Bias Tee [§ ‘fii::;() 77777777777 f4
] Microstrip 1\/_[ag f = I X
cUnemT (f) (f.? _ r.I?) + (Fdl/gﬂ)g 12 -
B o (/2 = f2) + (Tao/2m)° 1
Control 1

To

Fig. 2: Setup used to measure VCSEL frequency response.
where, f, ~andT', refer to the reference current arfd and

I", refer to the response at curreht

dp

In addition to determining the noise performance of a laser,
the RIN measurement can also be used to examine its hfghHigh Resolution Optical Spectra
frequency properties - a peak in noise power is present atThe phase noise of a laser is not spectrally flat, but instead
the resonant frequency [8]. This phenomena relates to th&s a resonance at the relaxation oscillation frequency [10
intrinsic VCSEL properties, and is unaffected by the pagk@g similar to the peak observed in the RIN spectrum. This reso-
and bonding parasitics. Both the average noise power, amghce manifests itself as a pair of spectral side bands;etja
severity of the resonant noise peak decrease with incigasip each lasing mode in the optical spectrum. Like the RIN
drive current. The RIN can be fitted to E(fi) to extract the measurement, the spacing of these sidebands is unaffegted b

resonant and damping frequencies. package parasitics, and can be used to determine the iatrins
A+ B resonant frequency of a laser. However, the resonant fregue
RIN = t - w (6) is so small in comparison to the optical lasing frequency tha
(W2 = w?)” +wT} these side peaks are not resolvable by conventional optical

Figure 1 shows the experimental setup employed to meas&RECtrum analysers.
the relative intensity noise. Thavalon 850SM LA VCSEL  An extremely high finesse optical cavitiéwport SR-240-
is driven by a stable, constant current, and the light fsF Supercavity) was employed to identify these side bands,
coupled into aNewport D-100-FC high-speed photodetector.Fig- 3. Light which passes through the resonator is measured
The average optical power can be measured directly, aP¥ the photodetector, and amplified by a low noise voltage
the RF component is transmitted through a DC block arimplifier. The length of the cavity is varied by a periodic
two low-noise amplifiers. The noise characteristic is rdedr driving voltage applied to the actuators on the mirrors. The
by a microwave spectrum analyséiR 8565E); the spectral time dependent output of this optical bandpass filter can be
response of the detector, amplifiers, and the RFSA's noise flgneasured on an oscilloscope, and from these data the dpectra
can be numerically removed from these data to obtain thenof@ntent of the beam can be determined.
component of the VCSEL'’s output.

1. RESULTS

B. VNA Measurement A. Relative Intensity Noise

The small signal frequency response (S21) of the VCSELThe RIN profile and fitted curve is shown for a drive
(and associated circuitry) was measured with a vector n&twaurrents of3.1 mA, Fig. 4. The resonant peak can be observed
analyser (VNA). A constant drive current was supplied to thebut an additional periodicity appears at higher drive euis,
VCSEL and a low power modulating signal was generateddicating the formation of an external cavity. The freqoen
by the VNA (Rhode and Schwartz ZVCE). The VCSEL's separation of these peaks confirm the cavity exists between
RF output was measured by a high speed photodetector @aéhts A and B (as marked in Fig. 1). The cavity can be
compared to the original modulating source. The relatigmshdisrupted by inserting a tilted neutral density filter in {hegth
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Fig. 3: Setup used to obtain high-resolution, optical VCSEL
spectra.
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Fig. 4: Relative Intensity Noise &1 mA drive current.
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of the beam. Unfortunately, while 8) dB optical attenuator Relative Frequency (GHz)

removes the cavity effect, it also exacts a significant toll o

the quality of the noise signal - the attenuated noise besom% ig. 6: Output of the Supercavity for the VCSEL amA.

almost unresolvable from the noise floor of the spectrum

analyser. A reflected signal of approximatelt5 dB relative

to the emitted laser power was measured; Baal. report

VCSELSs can be exposed to feedback levels as highlasdB sufficient strength to complicate parameter extraction, ot

without experiencing significant changes in operation [11] strong enough to significantly alter VCSEL operation.

this case, the external cavity obscures the features ofdlsen  Figure 5 shows the resultant response of the VCSEL at

signal and complicates extraction procedures, but shduldp.8 mA after the reference characteristic has been subtracted.

affect the parameters being measured. The extracted resonant and damping frequencies are cothpare
In accordance with the theory, the resonant peak is sharpgsthe results from the other measurements in Fig. 7 ang 8;

at currents close to threshold, and the RIN decreases asbptivas calculated aé8.1 ps and K =0.34 ns.

power increases. Both the resonant frequency and damping

frequencies were extracted at each current. Figures 7 and 8

show the progression of the resonant frequency and dampiigHigh Resolution Optical Spectra

frequency with current; the results very closely resembke t

expected proportionality betweef and+/I — I;;,. From the

extracted parameters and EQ), the carrier lifetime,, was

found to be approximatelg2.5 ps, and K wa%).3 ns.

Figure 6 shows the recorded signal after the VCSEL beam
has been passed through the supercavity. Resonant sideband
can be observed on either side of the main spectral peak
(0 GHz relative frequency); the time original signal, meadure
in the time domain, can be converted to the frequency domain
B. VNA Measurement by calibrating with respect to the supercavity’s known first

The S21 response &t4 mA was chosen as the referencdéransverse mode2§.66 GHz). The high resolution, optical
signal, and a multi-variable global parameter extracticas wspectra were recorded for a range of drive currents, and the
performed on the subtracted responses to obtain the resormatracted resonant frequencies are shown in Fig. 7. Over the
and damping frequencies of the VCSEL. A tilted opticaturrent range shown, the side bands corresponding to the
attenuator can be used (in this case) to reduce reflectiOffSSEL's resonant frequency could be clearly identified. At
without sacrificing the sensitivity of the vector networkaén lower drive currents, the emitted beam couldn’t be coupled
yser, however, additional resonances can still be obsdrvedstrongly enough into the cavity to resolve the bands; atdrigh
the subtracted S21 plots. As before, these reflections arecafrents, the side bands are too heavily damped to identify.
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Fig. 7: Measured resonant frequencies of the VCSEL.
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D. Comparison of Results

The resonant frequency is plotted against the square root of

IV. DISCUSSION ANDCONCLUSIONS

Experiments have been performed to measure the resonant
and damping frequencies using three different techniques:
identification of the RIN peak, extraction from the S21 profil
(as measured by the vector network analyser), and obsamnvati
of the resonant side bands in the optical spectrum. Resrlts f
all three techniques were self consistent and in line widoii
and previously noted experimental trends.

The S21 measurement is, in esserdectrical, and it in-
herits the familiar difficulties and requirements: well ctatd
driving circuitry, low attenuation at all frequencies, arglor-
ous calibration conducted as close to the device as possible
By contrast, the super cavity provides aptical measure-
ment; success relies heavily on alignment, mode matching,
coupling power, and the quality of optical components. The
RIN measurement falls somewhere in between - it measures a
fundamental optical characteristic (spontaneous enmijsbmt
in the electrical domain. Through this fortunate combiomai
it is burdened little by either electrical or optical contsr

In the final analysis, the super cavity measurement seems the
most promising and underdeveloped; the VNA measurement,
the most convenient and familiar; and the RIN measurement,
the most robust.
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