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Abstract

We have studied the possible RF link properties improvertteattcan stem from electrically cascading several lasercssu
and combining the light from each source into a single infation-carrying light beam.

The effect of carrier recyling is first studied within a dist architecture consisting afindividual laser diodes macroscopically
connected in series. We find an RF link gain improvement ptapal to n? and a link noise figure improvement proportional
to n. The model is validated by experimental data. The architeatonetheless carries some drawbacks including the eed f
zero-loss optical combining device to benefit from the RI frain improvement, and some bandwidth shortcomings.

We then study the effect of carrier recycling within an insggd laser device, a so-called bipolar cascade laser.der ¢o
push back on the limitations of the discrete architectune, device consists of active regions integrated into a single laser
cavity. We apply a rate equation model to this promisingcitme and find that, in good agreement with previously phklis
results, the external efficiency is expected to increase fgctr of n, leading to a possible RF link gain improvement by a
factor of n?. Because the laser noise is dominated by the photon coransmise, however, we expect only weak influence of
electrically cascading active junctions into a single tas&vity on the laser intensity noise and thus on the link edigure, in
contrast to what is widely believed but has never been detraiad experimentally.
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I. INTRODUCTION

In present radar systems, there is a need for few-hundreé€rrmealog information transmission links between the temo
microwave antennas and the centralized numerical infaomgtrocessing calculator. For this several-gigahertzdpadth
radiofrequency information transmission, optical fibek§ present numerous advantages over coaxial radio-fneguU&RF)
links, in terms of modulation bandwidth, attenuation, viwjg/zolume and electromagnetic immunity which are key issioe
airborne or space applications. However, in today’s shistadce transmission systems, analog data is usuallynitted via
coaxial-cable-based RF links. The cost-effective optoliRks actually still suffer from a low RF link gain. For instee, for
a 1.55um transmission link, if we assume typical values for the eglrtronic compoments of the link (i.e. respectively
0.15 W/A and 1 A/W for the DFB laser and for the photodiode mae efficiencies, and respectively 50% and 10% input
and output optical fiber coupling, and 2 dB optical absorpiiasses), we find a RF link gain equal to -27.3 dB. Figure 1
displays the distribution of the RF power loss during traission. The electrical-to-optical conversion efficiensythhe major
loss factor. In order to overcome this limitation, one siolutconsists in using: laser sources and collecting the light from
each laser into a single photoreceiver [1]. One electronifigwthrough the cascaded structure can give birth to oneophaitt
each step, thus increasing by a factomothe quantum electron-to-photon efficiency.

Another limitation of opto-RF links is the high noise figuegtributable to the high intensity noise of the laser sou@mce
again, using the combination of the light beams from sevaisdrs enables averaging the optical intensity noise. Vihen
optical noises from all the laser sources are not correldbedoverall relative intensity noise can be decreased kactoif of
n [2], [3], [4].

A discrete laser architecture carries some drawbacks instef space, alignment costs and achiveable frequency hdtdw
A monolithic bipolar cascade laser has been also proposad idegrated version of the discrete architecture [5],1f8]onsists
of several active regions monolithically stacked and eiesily connected via highly-doped backward-biased tuijungctions.
Due to its compactness, this device is expected to overcdintheadrawbacks listed above. Despite theoretical studies
the subject [4], no experimental demonstration of link gaiprovement nor of noise figure improvement has been pudaish
so far. In order to shed light on this ambiguity, we proposessy\comprehensive rate equation-based model that describe
the electro-optic laser behavior, and that highlights thsidand intrinsic differences between a standard singieearegion
semiconductor laser and a monolithic bipolar cascade.laser

In the first part of this paper, we describe in detail the in#i¢ reasons why it is possible to improve the RF link prapsrt
by using several discrete lasers. We present theoreticdelmof our experimental results and of previoulsy publishesults
on cascade laser sources composed of several discrete. lastre second part, we describe the comprehensive Langgte
equation model for the simulation of the monolithicallydgtated bipolar cascade laser source. We then examine avheth
link gain improvement and/or a noise figure improvement ii$ gbssible with an integrated device that will preserveodo
modulation bandwidth properties.



Il. IMPROVING THE RF LINK PROPERTIES BY USING SEVERAL DISCRETE LASERS
A. Theoretical framework

We consider an opto-RF link composed of a laser source, dnabfiber, and a photoreceiver. The specificity of the link
considered here lies in the laser source. It is composedvefalediscrete laser diodes whose output beams are comliined
the sake of clarity, we will only derive the calculation foisaurce consisting of two laser diodes. A schematic reptaten
of the combined source is depicted in figure 2.

The electrical RF output powet,,; at the end of the link is carried by the modulated current fimnacross the photoreceiver
I (the hat represents the peak modulation amplitude). Assymeérfect impedance matching between the photoreceier an
the RF waveguide following the device, we have:

1 .
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where R is the loading impedance of the photodiode (usually takef0eQ for large bandwidth applications).
Considering the optoelectronic devices operating in the&ar range, since the light collected is the combinatibithe
individual laser beams, we write the RF output power as:
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Since the lasers are connected in series, the same curreiidation /,,s flows across all the individual lasers; is laseri’s
electron-to-photon conversion efficieney,.; is the optical transmission in the optical aimand includes transmission losses,
as well as losses in the combining devigeis the photodiode conversion efficiency.

Once again assuming no RF impedance mismatch, the RF inmuerg@,) is directly related to the current modulation
Tas flowing into the laser combined source:

1 N
P = ERSIIQas- (3)

R, is the series resistance of the laser source.

We keep the same photoreceiver to allow the comparison leetaeurces composed of one single laser and of several.lasers
We also assume that the overall source impeddticdoes not significantly change with the number of cascadeddgsvhen
needed, it is still possible to add a discrete resistance atcimthe source impedance to the input waveguide charstiteri
impedanceR.4apt Plays this role in figure 2). In these conditions, the RF lirknyy is expected to follow the simple rule:

g= I;;j“t o (1 Mopt1 + M2Mopt2)” o 4En2,1.- 4)
The last expression corresponds to the ideal conditionseMie two optical arms and lasers are identical (j;e= 7> and
Tloptl = 770pt2)-

This first important result can be generalized easily for@e® composed af identical lasers connected in series. The RF

link gain of the source is proportional to:
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In typical opto-RF transmission links, under standard afieg conditions, the noise figure is dominated by the lasarce
optical relative intensity noise (RIN, expressed in dB/H3hot noise and thermal noise are therefore here assumed to b
negligible. Under linear operation, the RIN of the laserrsetRIN; is defined in an observation bandwidthy by [7]:

(65%) (612)
RINg = = . 6
(S)7Af ~ 17AT ©
(§52) and(5I?) are the mean square optical power and photodiode currentdiimns, and ) and(S) are the average optical
power and photodiode current. The second equality is validaf quantum efficiency of the photodetector close to unity. |
other words, the electrical noise is assumed to be a replitlaeophoton noise.

The RF output noiséV,,; observed on the receiver can be expressed as a function afd¢he square current fluctuations,

and thus of the laser source relative intensity noise:

Nouws = R(6I%) = R(I)*RIN,Af. 7)

In our setup, the rate of modulation remains the same. Therdhe output RF poweP,,, increases proportionally to the
square of the output optical powés)2. The output signal-to-noise ratio is then found to be prtipoal to:
Pout _ Pout <S>2 1

SNRyu = - .
*T Now  RU)ZRIN,Af - RIN,(S)? © RIN,

(8)



Consequently, assuming a constant input signal and stgrabise ratio, the noise fact®NF appears to be proportional to
the RIN of the laser source:
SNRin

SNRout

As a result, for noise issues in the following discussion, wik be interested only in the relative intensity noise oéth
combined source and in its comparison with the RIN of eaclviddal laserRIN;.

It is possible to prevent any optical feedback using optisalators and therefore we here assume no optically-indluce
noise cross-correlation nor multipath effects. In additithe individual lasers are connected in series, which mggdr some
electrical cross-correlation in the case of a voltage dswarce [4]. Here, we also assume that no electrical coiwalaan
take place due to the high>(50 ?) laser source impedance. Under these conditions, the itiseorrelation between the
optical power from lasef and laser;j is as follows:

Vi # j, (68:6S;) = 0. (10)
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We thereafter develop in equation 6 the current reachingliododiode as originating from the combination of the indlinal
laser light beams:
(552) 1 (881 +3S2)%)
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B. Experimental results

In order to check the validity of the models described abawe have used four commercially available butterfly packaged
lasers. We electrically connected them in series. Eachgumeklaser has a built-in 28 series resistance, so that the overall
resistance is close to 1d0Q. This high resistance implies some RF power reflections ed#vice interfaces, and thus a low
absolute link gain value. In addition, the light of all lasés gathered using an optical 4 by 4 coupler. This devic®dhices
Nopti = 6 0B optical intrinsic losses on each arm. Nonetheless, wéare only interested in the improvement of the RF gain
relative to the number of connected lasers. In order to preshe same electrical mismatch and thus the same RF reflecte
power, we have disconnected the fibers of the unused laséls pdrforming link measurements involving only a subset of
lasers. In addition, we circumvent the difficulty of the difénce in transmission losg,; of each armi, and in the laser’s
efficiencyn; by performing the measurements for all configurations wiwg one, then two, and then three lasers. Each time,
we calculate the “averaged” RF power by averaging the squereof the measured RF power and taking the square of this
average value. These conditions are equivalent to the adewmlitions where the four arms are balanced, and the lasegsipn
in equation 5 applies.

We inject P, = 0 dBm at frequencyfy, = 80 MHz to the composed source already biased with a 80 mA DC etrre
We then measure the output RF powey,, and obtain the RF link gain for all configurations. The averafpsolute value
of the RF link gain for the configuration involving only oneséa was found to bg(1) = —46 dB. This value is very low.
However, the intrinsic optical attenuation of the coupleeady reduces the RF link gain by a fact@;m = 12 dB. Without
this additional intrinsic loss, the measured RF link gaimvithin the usually observed range of opto-RF link gains.

In figure 3, we report the improvement of the measured linlnga a function of the number of lasers connected. The
agreement between our measurements and the values cadcfram equation 5 appears to be very good. We also report
the measurements performed by Gaxal. with the same setup [1]. Their results also perfectly makehexpected behavior,
proving that it is possible to improve the RF link gain by adiag several discrete laser sources.

In order to check the combined-source RIN model (equation W& have used two of the same commercially available
DFB lasers; we connected them in series and gathered theviml 2 by 2 optical coupler. Using a polarization contnolies
inject the light in crossed polarization in order to prevany heterodyne beating between light beams. The RIN meaasuts
are then carried out over a large bandwidth (100 MHz-21 GH®). each frequency, we compare the measured RIN of the
individual lasers, the measured RIN of the combined souncethe RIN calculated with equation 11 fed by optical power
and RIN measurements of the individual lasers. Measuremedtcalculation data are displayed in figure 4. The perfect
agreement with the experimental data validates the caionlaf equation 11 for two lasers. By comparing these rsswith
RIN measurements obtained with two lasers independerdakebi, we have also checked that the electrical series coatfiu
did not bring any observable noise correlation when therlsserce impedance was close to@0As an additional validation,
for their 6-laser cascade device, Cetxal. also reported a 6 dB noise figure improvement that has to bepamed to the 7.8
dB expected from equation 11 if the different arms were misfebalanced in terms of optical power as well as intensity
noise. These experiments directly prove the possible Rid,thus noise properties improvement by cascading sevisakte
laser sources.



As a consequence of these very encouraging demonstrafigesformance improvements in cascade sources using thscre
lasers, much hope has been put into monolithically integraeries connected Bipolar Cascade Lasers (BCLs) for wimgo
the RF link gain as well as noise properties. Neverthelasts, now, despite theoretical studies [4], [8] and devickrieation
[6], no experimental link gain improvement nor noise reductas been demonstrated for monolithically integrated 8C
The following section is dedicated to the description of anpeehensive model of the dynamic behavior of such lasers.

IIl. I NTEGRATED MONOLITHIC BIPOLAR CASCADE LASER
A. Model presentation

The Langevin rate equation model we have used is based oedbevoir representation detailed in [7]. The rate equation
describe the number of particles available in the carrisemsirs and in the photon reservoir.

Our intention is to study the frequency response and noispepties of monolithic bipolar cascade lasers with mustipl
active regions, and to compare these with the charactarisfi single-active-region, multiple-quantum-well laseBince the
BCL device consists ofi active regions, we allow the carrier populatioNs in the different active regions to fluctuate
separately. Nonetheless, once again for the sake of uaddgdtility, we will only derive the calculation faot = 2 active
regions. The monolithic BCL under study consists then of &stive regions of one quantum well, and the single-actagien
laser has two quantum wells. In addition, a single-modeatjmer is required for efficient use in systems. Therefore ghoton
reservoir is described by a unique number of partidhes

% _ g ~ Go (N: = No) P — (AN + B(N:)* + O (N:)") (12)
% = {Go(N1+Ny—2No)} P+ 3B (<N1>2 + (N2>2) e (13)
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In order to keep the Langevin rate equation model as simpposasible and to put the emphasis on the most intrinsic infleen
of monolithically cascading several active regions, welegtgevery second-order effect (e.g. carrier injectioncefficy, non-
linear gain, etc.)e is the electric charge7, is the optical gain which is assumed to be lined; is the carrier density at
transparencyA, B, C are respectively the spontaneous recombination coeffjdiea bimolecular recombination coefficient
and the Auger recombination coefficiemt;is the portion of spontaneously emitted light coupled irite lasing moderp is
the photon lifetime in the cold cavity. In the calculatiorng &lso supposed that the bimolecular recombination wasradmg
relative to the other recombination processés:= C = 0.

In order to study the dynamic behavior, we consider the ssigfial response to a harmonic excitation and linearize the
resulting rate equations:

%(Mi(t)) _ ‘”e(t) — Go (N: — No) 6P(1)
_ (GO? + %) SNi(t) + Fn, (1); (14)
%(513@)) = GoP <Z 5Ni(t)> + Fp(t). (15)

N, and P are the steady-state population resulting from the caicmaf the solution of equations 12 to 13 under steady-state
dN,;(t) andéP(¢t) stand for the deviation of the population a timdrom the average populatiody, (t) and Fp(t) are the
langevin forces related to the carrier populatioand to the photon populatioal.g = A+2BN,; + 3CN; is the slope of the
recombination term as a function of the carrier population.

As a mathematical manipulation, we consider the total eapopulation in the structur®, = N; + N> as a new variable.
The separate fluctuations can still be found by considetiegdifference between the carrier populations. Equatiorcdrd
then be written in a 2-by-2-matrix form:

< Goﬁj(f; iw i > < %g) > _ ( %F; (gmt) ) (16)

The first matrix is the transfer function of the system. Tharse is composed either of intentionally modulated cugrent
noise-originating population fluctuations. We do not tak® iaccount the electrical correlation that may take plastsvéen
the active regions [4]. This electrical correlation canyodégrade the BCL's RIN as compared to the single-activéesrelgser
RIN.



The analytical result comes immediately:
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The average values used for calculating the dynamic behavéothe result of the steady-state solutions of equati@iant
13.
The output power fluctuations are given by:

05 (w) = N0 P(w) + Fs(w). (21)

7, IS the proportionality constant between the photon poprand the output poweFs is the Langevin force related to the
output power.

B. Opto-RF link gain improvement
For the calculation of the RF gain improvement, we are ontgregsted in the intentional current modulation. For the
2-active-region BCL, the frequency response can be writen
) hv
— (w) = 2ng— H (w). 22
oI (w) "o o (w) (22)
The transfer functiorf gives the frequency dependence of the modulation respdhsefactor 2 is specific to our 2-active-

region monolithic BCL case and it is easy to see that thenisitifrequency response can be generalized foragtive-region
BCL to:

22 () = o™ H (). 239

The low-frequency external efficiency is thus expected twdase linearly with the number of active regions. Thisueat
is indeed characteristic of the carrier recycling processuaing in BCL, and is quite usually observed [9], [10]. Wdugh
very simple, our model is compatible with the experimegtadiported behavior of monolithic BCLs. In addition, sin¢e t
RF link gain is proportional to the square of the laser exksafficiency, the use of a-active-region BCL would result in a
RF link gain improved by a factor af2. The RF link gain improvement is expected to be similar todhe observed for the
discrete-architecture cascade laser described earlthisrarticle.

For a more realistic study, we need to take into account thasfit impedance effect on the frequency response. This is
obtained by convoluting a low-pass parasitic RC filter to ititeéinsic frequency response:

0S hv 1
o7 W) = 2 Hw) T e
R, and C, are the parasitic series resitance and capacitance of tieed&ince the evolution of the parasitic capacitance
cannot be forseen easily, we leave it equal for both strastuls for the series resistance, we add an estimated valGe of
ohms to the BCL series resistance in order to take into addbentunnel junction resistance.

We compare on figure 5 the frequency response of the singjleeaegion laser and of the bipolar cascade laser. Thdtresu
is normalized to the low frequency response of the singteracegion laser.

The slight decrease in the 3 dB-bandwidth observed for the BGlue to the increase of parasitic resistance. The regpons
increase (by 3 dB) at low frequency for the BCL is directlyated to the external efficiency increase discussed eases (
equation 23).

As a conclusion, our simple rate equation model takes intm@aut carrier recycling and forsees a RF gain improvement
proportional ton? for monolithically integrated bipolar cascade lasers.sTddin improvement is not limited in frequency by
intrinsic phenomena, but only by the parasitic impedanaegtems from a more complex technological process. Teobiuall
improvement (such as reducing the tunnel junction backwes@tance) can therefore theoretically lead to a BCL feegy
bandwidth comparable to a single-active-region laser.réason why experimental RF link gain improvement has nobgen
reported does not seem to be intrinsic, but lies more prgtiatihe technological difficulties of obtaining a singlesilag-mode
monolithic BCL.

(24)



C. RIN improvement

For the calculation of the RIN improvement, equation 21tesddhe intrinsic fluctuations of the output power in the érexacy
domain. We multiply by the complex conjugate term and tale éhsemble average, which gives, according to the Wiener-
Khinchin relations, the spectral density of the output poweise [7]. Dividing the spectral density by the squaredrage
output power, we eventually obtain the RIN defined by equa6p

2H 2 D
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The parametet; prevails mainly at low frequency, whereas dominates the RIN at high frequencies.

The Langevin diffusion coefficient®xx are calculated following [7]. Each energy exchange betvikerifferent reservoirs
exhibits a random white noise with a variance equal to theameeparticle flow (Poissonian process). The populatioraafiers
and photons are correlated by the coupled Langevin equatidrese correlations tend to decrease the overall outpuérmpo
noise and are taken into account by the cross-correlatifusiin Langevin coefficient®xy .

For the multiple-active-region case, a carrier recomiginim the first active region will almost directly be availakfler
recombination in the second active region. If we considat the carrier reservoirs constitute a single reservoircame state
that photons are created in the first active junction withos of carriers available in the reservoir. On the one htnisltends
to decrease the carrier generated ndisgy. On the other hand, it also weakens the carrier-photon aétax mechanisnDyp
which tends to decrease the overall optical noise. Becduigseamparison is held for an equal photon density in the wniaser
cavity, the noise originating from photon mechnisimsp remains unchanged. We present in table | the diffusion coeffis
calculated for the single-active-region and for the bipokescade multiple-active-region lasers, is the inversion population
factor. N (respectively,IB) stands forN , (respectively,P) in the single-active-region laser and fdr, /2 (respectivelyP/2)
in the bipolar cascade laser.

Although the Langevin forces have comparable magnitude,tduheir respective prefactor in equation 25 they do noehav
the same influence on the calculated RIN. To illustrate thdd, fwe compare in figure 6 the complete RIN as calculated by
equation 25, with the contribution to the RIN éfpp alone. In order to do so, we artificially sélyp, Dnn, Dps and Dgg
to zero and plot the resulting RIN contribution Bfp at high @, is also set to zero) and low{ is in this case set to zero)
frequency.

It is obvious from figure 6 than only the photon reservoir rgidays a decisive role in the RIN calculation. As the BCL
and single-active-region structures are compared witlalggjuoton density, the photon reservoir noise is the sametenRIN
is not improved by monolithically cascading junctions.

Here for the first time, it is ex[plained that the reason whyRId improvement has been reported so far using a BCL,
appears to be a more fundamental issue. The only way to radedgIN is then to optically separate the active regions into
uncoupled laser cavities (which is the case in theoretizaliss claiming a possible RIN improvement [4]), but thehtlag
benefits from integrating the device into a single comporfienterms of space, fiber alignment and bandwidth) are lost.

IV. CONCLUSION

We have studied the influence of cascading active regionsvonimportant link parameters: the RF link gain and the noise
factor. We first have explained in detail that by using a lasmirce composed of discrete lasers connected in series it is
possible to improve the RF link gain by a factorf and the RIN by a factor ofi. The result of the calculation has been
confirmed by experimental measurements (with= 4 for link gain measurements, and = 2 for RIN measurements). In
order to benefit entirely from the gain improvement, a zessloptical combining device is required.

We have also developed a model based on a rate equation iartalysmpare the dynamic behavior of a monolithically
integrated bipolar cascade laser and of a single-actiymdaser. The model forsees no intrinsic bandwidth litiet@and an
RF gain improvement similar to the discrete architectusec&lowever, because the noise mainly arises from Poigstik&a
photon particle-noise, the effect on the RIN of cascadiny@gunctions in the same optical cavity is very weak.

As a consequence, according to our calculation, link naiggrovement can only be achieved using a source of several
separately oscillating laser cavities. A discrete archibe is suitable in this regard, but requires a zero-losgalpcombining
device to benefit from the RF gain improvement and is limitedeirms of maximum bandwidth. A monolithic single-cavity
bipolar cascade laser enables RF gain improvement oveiga taandwidth, but does not result in a lower relative intynsi
noise.



Although much hope is usually put in integrated bipolar eagclasers for reducing the noise in opto-RF links, our dafmn
forsees that cascading active regions in a single cavity ledld to a very weak effect on the RIN. The improvement is
nevertheless still substantial on the RF link gainof n?) and monolithic single-cavity bipolar cascade lasers atirrant
some development effort.
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Fig. 1. Distribution of the 24.5 dB RF power loss during a sigmansmission with an opto-RF link.
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Fig. 2. Schematic of a combined laser source composed of isevete laser diodes.

Langevin noise forces Expressions BCL structure Reference structure
Dxn % + % + (2nep — 1)% 8.0 x 1017 s~ 1 5.5 x 1017 s—1
Dnp —(2nsp — 1)% - ﬁ% —3.0 x 1017 51 —1.5 x 1017 51
Dpp 2nsp§ + 617\_7—; 4.0 x 1017 s—1 4.0 x 1017 s—1
TABLE |

SUMMARY OF THE DIFFUSION COEFFICIENT ESTIMATED WITH THE SHONOISELANGEVIN METHOD.
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