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Noise Figure of Vertical-Cavity Semiconductor
Optical Amplifiers

E. Staffan Bjorlin Student Member, IEEEBnd John E. Bowers-ellow, IEEE

Abstract—The noise figure of vertical-cavity semiconductor op- This yields high coupling efficiency to optical fiber, which is
tical amplifiers(VCSOAs) is investigated theoretically and experi- peneficial for achieving a low noise figure.

mentally. Limitations on the noise figure set by the reflectivity of VCSOAs operating at all important telecommunication
the mirrors are studied. Highly reflective mirrors lead to increased
output noise as well as lasing at moderate carrier densities, which WaV‘?'engthS have been demonStrated' Room-temperature
imposes a limit on the obtainable population inversion. Expres- continuous-wave (CW) operation was demonstrated at 980
sions for the excess noise coefficient, which governs signal-sponta{1] and 1300 nm [2]. CW operation at 217 K [3] and pulsed
neous beat noise enhancement due to finite mirror reflectivity, are gperation at room temperature [4] were demonstrated at
presented for transmission and reflection-mode operation. Exper- 1550 nm. These papers present experimental results for gain,
imental results from a VCSOA operating in the reflection mode at . . .
1.3,:m are presented. The results, from optical as well as electrical gain t?a”dW'dth' a,nd saturation power. VCSOAs have also Pee”
measurement techniques, are analyzed and compared to theoret-€xamined theoretically [5]-[7]. Models based on rate equations
ical values. and/or Fabry—Perot models have been developed to predict
Index Terms—Amplifier noise, laser amplifiers, noise, noise mea- performance af'?' aid deylce design. . . .
surement, optical noise, semiconductor optical amplifiers. Optical amplifiers are incorporated into optical communica-
tion systems in order to increase transmission distance or re-
ceiver sensitivity. However, amplification is achieved at the cost
of compromised signal integrity. This is due to the fact that am-
ERTICAL-CAVITY semiconductor optical amplifiers plification of an optical signal also adds undesired power fluctu-
(VCSOAs) are interesting devices for a wide rangations to the signal. These power fluctuations are unavoidable as
of applications in optical communication systems. The vethey are inherent to the randomness of the amplification process.
tical-cavity design gives these devices a number of advantadédwe power fluctuations degrade the signal-to-noise ratio (SNR),
over in-plane devices, such as high coupling efficiency tdtimately leading to undetectable information. The noise figure
optical fiber, low power consumption, small form factor, anés a figure of merit for the SNR degradation, and hence for the
the possibility of fabricating 2-D arrays on wafer. Furthermorgower penalty associated with the introduction of the device into
the technology allows for on-wafer testing and is compatibketransmission system. This makes the noise figure one of the
with low-cost manufacturing and packaging technigues. Theswst important properties of optical amplifiers for their applica-
advantages all draw from the fundamental geometrical diffetfons in optical communication systems. The noise figure of op-
ences between the vertical cavity and the in-plane desigtisal amplifiers has been extensively studied [8]-[15]. Fiber am-
In a vertical-cavity structure, the optical mode passes perpgiifiers—as well as both traveling wave (TW) and Fabry—Perot
dicularly through the different material layers. Consequentl{f-P) in-plane SOAs—have been investigated, but the particular
the electrical field is always parallel to the plane of the activgase of VCSOAs has been only briefly studied [2], [5]. This
layers. This makes VCSOAs insensitive to the polarization pfaper presents theory, as well as experimental results, for the
the signal light. It also makes the gain per pass very small, onise figure of VCSOAs. The theory is based on previous work
the order of a few percent. VCSOAs, therefore, use feedbawk FP in-plane SOAs. It describes how the typically high re-
provided by high reflectivity distributed Bragg reflector (DBR)flectivity of the VCSOA mirrors affects the output noise and
mirrors. The feedback constricts the gain bandwidth to théhat limitations it sets to the obtainable noise figure. Opera-
linewidth of the Fabry—Perot mode, which essentially limit§on in transmission mode, as well as reflection mode, is cov-
the operation to amplification of a single signal. The narro&red. Noise-figure degradation caused by coupling losses is also
bandwidth also filters out out-of-band noise, making VCSOAgxamined. Experimental results for the noise figure of an opti-
ideal as preamplifiers in receiver modules. The vertical cavigally pumped 1.3:m VCSOA operated in reflection mode are
is circularly symmetric around the axis perpendicular to thgresented. Electrical methods, as well as optical methods, were
two mirrors and naturally supports a circular optical modeised in the noise figure measurements. The experimental and
theoretical results are compared and show good agreement.
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rate equations [10], as well as photon statistics master equatioa mode, the signal enters and exits the amplifier from the
[10]-[13]. Traveling wave equations have been used in ordesme side (top). The amplifier gain of a VCSOA operated in
to take the spatial distribution of carriers, gain, and photot®nsmission moded,) or reflection mode(,) is given by [5]

in in-plane SOAs into account [14]. In a VCSOA, the gain is (1— R)(1— Ry)g,

concentrated to an extremely small gain region. The signal Gy = 5 — (3
traverses the gain region multiple times and experiences the (1= VR:Fygs)” + 4VER Ryg,sin® ¢

same gain each time. The traveling wave approach is therefore T — JEo): 4 AR Rro. sin?

not necessary for this case. However, VCSOAs typically G, :( i L9 5)2 + ki SS.mQ <p. (4)
have highly reflective mirrors, which greatly affects the noise (1—-+vRRyg:)” +4V/R Rygssin® ¢

properties. The noise in VCSOAs can be analyzed using there,y is the phase detuning off the cavity resonance frequency.
same methods as for in-plane FPAs. The total output noise frgm§r operation at the cavity resonance frequency, the sine terms

an optical amplifier consists of several different noise terms Bﬁual zero. Inserting (3) and (4) back into (2), the excess noise
different origin. The terms contributing to the total noise arggefficient for the two cases can be shown to be

beating between amplified spontaneous emission (ASE) com- (14 Rygs)(1 — Ry)(gs — 1)

ponents and the coherent signal light, beating between different Xt = 3 ()
ASE components, and shot noise due to both signal and ASE. (1 - R)(1 = Ri)g. — (1 - VR Rug,)

The input signal might also have some excess noise and the (1+ Rygs)(gs — 1)

receiver adds thermal noise. Signal-spontaneous beat noise is Xr = (Rpg2 — 1) . (6)

independent of the input signal power and is the dominatir%g . . _ o
term at low signal power. This term depends on the optic pr transmission mode and high ga@i £ 1), x simplifies to
bandwidth of the ASE spectrum. For this reason, a bandpass (1+ Rygs)(gs — 1)

filter is normally used after the optical amplifier in order to Xt = (1—Ry)gs ) (7)

minimize the amount of ASE reaching the detector. This i N¢fo ey cess noise coefficient versus amplifier gain for both cases
needed for a VCSOA as the spontaneous emission bandw'gﬂblotted in Fig. 1(a) and (b), for different mirror reflectivi-

is limited by the Fabry—Perot cavity. Signal-spontaneous beals The reflectivity of VCSOA mirrors is typically much higher

noise and shot noise increase with input signal power. f{,n for those of in-plane FP amplifiers due to the shorter active

high gignal powers, signal-spontaneous beat noise is the mfélaion of VCSOASs and, thereby, lower single-pass gain. VC-
contributor to the output noise. The output ASE, and henegsas gemonstrated to date have all used mirrors with reflec-
th? S|gnal-sp_o_ntaneous_ be_at noISe, 1S greatly affected by,H\‘/ﬁies higher than 0.9y is shown here for mirror reflectivities
mirror reflectivity. Considering signal-spontaneous beat noig¢ g5 and higher. For transmission-mode operation [Fig. 1(a)],
to be dominant, the noise factdr, defined as input SNR OVEr  aquals one when the single-pass gaigyis- R;1/2_ Itis ob-

output SNR (the nms_l’agure IS d?f'”ed asNF = 10log(F) viously desirable to operate the VCSOA close to this ideal value
and expre_ssed_ln demb_els), IS glver_l,ﬁy: 2napx (G = 1)/G of g,, but at the same time be able to vary the signal gairt
[15]. For high signal gaing >> 1), this reduces to is also desirable to maximizg in order to achieve high signal
F=2n,x. (1) gain. This can be achieved by using low input mirror reflectivity
_ o ) ) (Ry) and high output mirror reflectivity ;). This is evident
Here,n,,, is the population inversion parameter ants the ex-  from Fig. 1(a); a value of close to one over a wide range of
cess noise coefficient, which describes signal-spontaneous Q@@ﬁm gain is achieved using, = 0.85 and R, = 0.95. For

noise enhancement due to finite mirror reflectivitytakes on symmetrical devicesy, is independent of mirror reflectivity.

a value of one for zero reflectivity (the case of traveling wavgo, the case of reflection-mode operation [Fig. 1(k)],is a
amplifiers) and values higher than one for finite mirror reflecynction of bottom mirror reflectivity onlyy..-values close to
tivities. Using photon statistics master equations as describedfié can be achieved for bottom mirror reflectivities higher than
Shimodaet al.[11], it can be shown that is given by [12] 0.99, which is easily obtained using DBR mirrors.

X = ugfbjzt(—;% jt()égs_ 1)1) (2) A. Inversion Level
Itis desirable to operate an optical amplifier with a population
inversion as high as possible in order to minimize reabsorption
of the signal light, which is detrimental to the noise figure. The
X . population inversion parameter is defined as [13]
gs single-pass gain;

G amplifier gain. Nep = N (8)
Here, the signal is exiting the amplifier through the top mirror. N — Ny
VCSOAs can be operated in either transmission or reflectiovhereV is the carrier density anfy;, is the carrier density at
mode with different expressions for the signal g&inSinceG  transparencyns,, takes on values greater than one for low car-
appears in the denominator of (2), the two configurations are ar densities and reaches unity at complete inversion. A deli-
sociated with significantly different expressions farin trans- cate problem inherent to FPAs is that strong pumping is desired
mission-mode operation, the signal enters the VCSOA from otwereach high carrier density, and thereby minimizg, while
side (bottom) and is collected on the other side (top). In reflettie amplifier still has to be operated in the regime below lasing

where
R, bottom mirror reflectivity;
R, top mirror reflectivity;
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Fig. 2. Population inversion parameter versus reflectidity & R;) at lasing
threshold.

benefit from low mirror reflectivity [2], [7]. It is clear from the
discussion above that low mirror reflectivity is also crucial for
achieving a low noise figure.

B. Coupling Efficiency

For any practical application, the often critical parameter is
not the intrinsic noise figure of a device, but rather its fiber-to-
fiber noise figure. The noise figure is degraded by loss associ-
ated with a coupling of signal into and out of the device. The
fiber-to-fiber noise factor can be calculated using the equation
for the noise factor of cascaded devices [16] as follows:

Excess noise coefficient

Reflection gain [dB]
(b) Fr—1 F3-—-1

Fr=F + +
Fig. 1. Excess noise coefficient versus amplifier gain for: (a) transmission- Gy G1Go
mode operation and (b) reflection-mode operation.

T (9)

The coupling losses can be modeled by attenuatorsgaith—
< 1 and noise figures/L. For an amplifier with gair,,

threshold. The mirror reflectivity governs how hard the am I
Y9 P %d intrinsic noise facto¥,,;, the total noise factor is then

fier can be pumped before it reaches lasing threshold. Lasi
threshold is reached when the round trip net gain equals oﬁé
i.e., g2RyR, = 1. The single-pass gain can be deduced from Fomp 1 1

the active region design and the material gain, which is a func- Fr=——+ac—77 TG I (10)

tion of carrier density. The population inversion can thus be " e T

linked to the single-pass gain and, if the reflectivities are knowfihis equation demonstrates that the input coupling loss directly
the population inversion at threshold can be calculated. Figd2grades the noise factor (in logarithmic units, the input
shows a plot of the calculated population inversion parametaupling loss is simply added to the noise figure), whereas
at threshold versus mirror reflectivity x R;) for the de- the output coupling loss is only significant when the gain is
vice described later in this paper. This marks the lowest pasnall. VCSOASs have superior coupling efficiency compared to
sible value ofn,, for a given reflectivity; in practice, a VCSOA in-plane devices due to the circularly symmetric cross section
has to be operated at a slightly lower carrier density in ordef the optical mode. Coupling loss as low as 1 dB has been
to avoid lasing. This particular device has an undoped InP—laehieved for vertical-cavity lasers to single-mode fiber [17].
GaAsP active region. The gain model for the device is describ8dnilar output coupling efficiency could be achieved for a
in [7]. The plot is valid for transmission or reflection-mode opVCSOA; the input coupling efficiency should be even lower.
eration. For a reflection-mode device with bottom mirror reflec- To summarize the theory, excess noise coefficients close to
tivity close to unity, thes-axis in the plot represents top mirrorunity can be achieved, if the mirror reflectivities are chosen care-
reflectivity. To achieve am;, below 1.5, the reflectivity has to fully (Fig. 1). High population inversion can also be obtained,
be on the order of 0.9 or less. At low reflectivities and high causing low mirror reflectivities and strong pumping (Fig. 2). This
rier densities, changes in carrier density have a very small effgadicates that intrinsic noise figures close to 3 dB are possible
on the population inversion and values close to those given toyachieve. Assuming high gain and input coupling loss of less
the figure can be achieved. It has previously been shown tlladn 1 dB, fiber-to-fiber noise figures of about 4 dB should be
saturation output power and high gain-bandwidth product bablossible for VCSOAs.
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Fig. 3. Experimental setup.

Fig. 4. Output spectra from 1,3m reflection-mode VCSOA. Output signal

and ASE are shown faP/ P;;, = 0.9 and—30-dBm input signal power.
lll. EXPERIMENT

In order to verify the theory, noise figure measurements we@i€sign equations. Fig. 1(b) suggests an excess noise coefficient
performed on an optically pumped reflection-mode VCSAO of 1, i.e., the bottom mirror reflectivity is high enough to
erating at 1.3:m. Both optical and electrical measurement teciiot enhance the output noise from the amplifier. The lowest
niques as described in [18] were used. The experimental sea@ievable population inversion parameter (at threshold) given
is shown in Fig. 3. A Nortel 980-nm diode laser was used ®y Fig. 2 isn,, = 3. These numbers inserted into (1) yield an
pump the VCSOA. Free-space optics were used to focus th#insic noise factor of” = 6, or NF* = 7.7 dB. Assuming
pump beam onto the device through the bottom DBR. An e$e input coupling loss to be about 1 dB, the best possible noise
ternal cavity tunable laser diode was used as signal source. figgre is 7.7+1 = 8.7 dB.
signal was coupled into and out of the amplifier through a fiber Using optical measurement techniques, the noise figure is cal-
and lens. The input and output signals were separated by meewtigted from the spectral density of the ASE at the signal fre-
of an optical circulator. The total coupling loss, including thguency, the amplifier gain and the energy of the signal photons.
circulator was about 5 dB. A Hewlett-Packard optical spectrufhe noise factor in linear units is given by the following equa-
analyzer was used for characterization of the optical spectrdi®n [18]:
of the output from the VCSOA. The electrical spectrum of the
output was measured with a Rohde and Schwarz electrical spec- F= +—. (12)
tral analyzer. A Nortel PP-10G p-i-n receiver was used to con- Ghv G
vert the optical signal. The detector was followed by a dc-blodkhe first term represents signal-spontaneous beat noise and the
and a broadband SHF amplifier before the electrical spectral &econd term represents shot noiSds the amplifier gainp is
alyzer. Planck’s constanty is the frequency of the signal, ang. is

A detailed description of the structure of the VCSOA used ithe ASE density in the same polarization state as the signal. As
these experiments can be found in [2]. The device consiststbé optical spectrum analyzer measures the total optical power
a stacked multiple-quantum-well InGaAsP—InP active regidn both polarization states, the factgs.2. in (11) is simply re-
wafer bonded to two GaAs—-AlAs DBRs. Wafer bonding iplaced by the measured value. This method is only valid for
described in [19]. The active region has three sets of sevamall input signal powers when the ASE spectrum is unaffected
guantum wells situated at the three central standing wabg the signal. Spectra of the ASE and the output signal from
peaks in the 5/2-cavity. The bottom and top DBR has 25 andhe VCSOA, for the case of 93 mW of pump power (corre-
13.5 periods, respectively. The device is a planar structure; sgonding ta”/ P;;, = 0.9) and—30-dBm input signal are shown
lateral dimensions of the active region are defined by the purpFig. 4. The measured fiber-to-fiber gain is 13.5 dB and the
beam from the external pump laser, which was measuredASE is 2.7&10~'7 W/Hz. This yields a fiber-to-fiber noise
be 8.:m. The reflectivity of the DBRs was calculated in ordefigure of 9.12 dB, calculated from (11). The value is in good
to estimate the possible noise figure of this device. For tlagreement with the theoretical prediction. Deviations from the
bottom DBR, calculations were made based upon the numleeoretical value can be attributed to the difficulties in mea-
of mirror periods. The reflectivity was found to be 0.999suring the ASE density over the small frequency interval of in-
For the case of the top mirror, the reflectivity was deducddrest. The low-frequency noise, which is the most important
from gain bandwidth measurements. Equation (4) was fit frart of the noise spectrum, is caused by beating with the ASE
measured amplifier gain versus wavelength. The previousiiose to the signal frequency. For example, only beating with
calculated reflectivity for the bottom mirror was used in the fitASE components within a 20-GHz (0.11 nm) region around the
which revealed a top mirror reflectivity of 0.955. An estimatasignal frequency will show up in a 10-Gbit/s receiver. The spec-
of the possible noise figure can now be made based on them analyzer has a resolution bandwidth of 0.1 nm. Itis evident
calculated mirror reflectivities and the previously presentdcbm the shape of the ASE spectrum (Fig. 4), the resolution of

_ 2pase 1
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Fig. 5. Fiber-to-fiber gain and fiber-to-fiber noise figure versus input signdig. 6. Noise spectrum and noise figure ff P;;, = 0.9 and—10-dBm input
power forP/ Py, = 0.9. signal power.

the OSA, and the frequency range of interest that these meas@@d noise figure [20]. The bandwidth of the low frequency dip
ments are associated with some uncertainty. in the noise spectrum is |n\_/(_ersely proportional to the carrier life-

Electrical measurement techniques give a more compldf@€ and hence more significantin SOAs compared to fiber am-
characterization of the noise figure. The output noise from tipdfiers [20]. A spectrum of the output noise and the noise figure
amplifier is measured using a calibrated receiver and electrié@i 93 MW of pump power ane-10 dBm of signal is shown
spectrum analyzer. The thermal noise from the detector afid™i9- 6. A noise figure smaller than 5 for frequencies below
shot noise is subtracted from the measured noise and an ide&HZ is demonstrated. The broadband noise figure is in this
shot noise terml(/G) is added. The noise figure is given by th&ase about 10.

following equation [18]: The measurement_s are, in_ general, in good agr_eem_ent with
theory. In the small signal regime, the measured noise figure of

P = Sp(f) L1 (12) @bout 9 dB is close to the theoretical value of 8.7 dB. The de-

2hvG2 Py G viation can be attributed to operation at slightly lower carrier

whereS,,( f) is the measured and corrected electrical noise spéjce-ns'ty a’?d uncertainties in the c_alculannrgf,, as .We.” as.
trum in W2/Hz as a function of electrical frequency, a, in the estimate of the |n_put C(_)upllng loss. The |ntr_|n5|c noise
is the input signal power. The input signal power was in thfégure of the present device trails _those_re_ported forln—plane de-
experiment controlled by means of a variable optical attent/°€S [21], [22]. The superb coupling efficiency, however, yields
excellent fiber-to-fiber noise figure. The present device is

ator. The attenuation of the signal minimizes the excess nois v limited by a | lation i ; ter. R
the signal that could otherwise affect the measurements. Nopsgd!y 'Imited by a farge population inversion parameter. Re-
{Jced mirror reflectivity would allow for stronger pumping and

spectra were measured from 0 to 10 GHz, for different inp S :
signal powers, and the noise figure was calculated using (125. ereby a more favorable population inversion.
Noise figure and fiber-to-fiber gain foP/P,;, = 0.9 are
shown in Fig. 5. Results from optical measurements are also
shown in the figure. For low input signal power30 dB and  We have investigated the noise figure of VCSOASs. Our initial
—25 dB), gain of about 13 dB was measured. The noise figuresults are promising; low noise figures can be expected from
given by the electrical method was about 9 dB. In this regimijture devices. The noise figure is strongly affected by the re-
the gain has not yet started to saturate and the gain and carftiegtivity of the mirrors. The signal-spontaneous beat-noise en-
density are unaffected by the input signal. The optical methodiancementy) can be eliminated by choosing proper mirror re-
valid in this regime. The noise figure given by optical measuréectivities. For the case of transmission-mode operation, low-
ments is about 0.5 dB higher than that given by electrical maaput mirror reflectivity is desired in order to minimize For
surements. For higher input signal powers, the optical methoeflection-mode operation, the bottom mirror reflectivity should
gives values that are too high, as the measured ASE densithésmaximized to minimizey, which for this case is indepen-
higher than the ASE density when the signal is present. As ttient of top mirror reflectivity. Highly reflective mirrors lead
input signal power increases the amplifier gain starts to sato-lasing at relatively low carrier densities, which sets a limit
rate. In this regime the carrier density in the QWs is depletéd the possible population inversion. This is of more concern
by the signal. The reduction in carrier density naturally caust#san the signal-spontaneous beat-noise enhancement. We have
a decrease in gain and yields an increased population invergiwasented experimental results for the noise figure of g.in3-
parameter. The decreased gain results in a power reductio’W/@fSOA operated in reflection mode. The results are in good
both output signal power and ASE power. The signal powexgreement with theory. The present devices have top mirror re-
however, decreases faster resulting in degradation of the ndisetivity (0.955) that is too high; the onset of lasing makes it
figure. It has been shown that at low electrical frequencies, thmpossible to achieve a population inversion below 3. Despite
gain saturation causes a decrease in output noise resulting this, fiber-to-fiber noise figures on the order of 9 dB were mea-
low-frequency noise figure considerably lower than the broaired. This clearly demonstrates that the superb coupling ef-

IV. CONCLUSION
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