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Relative-Intensity-Noise Cancellation in
Bandpass External-Modulation Links

Roger Helkey,Member, IEEE

Abstract—A new method of optically summing time-shifted

complementary signals to cancel relative intensity noise (RIN) in -@ ()

narrow-band extbernal-modulation optical links is proposed and

demonstrated. Differential-link noise figure and dynamic-range vArf
improvement are compared to the conventional low-biased mod- (a)

ulator configuration for suboctave applications. RIN suppression
of 12 dB at 4 GHz is demonstrated.

DIODE
Index Terms—taser noise, optical communication, optical-fiber ‘ LASER )‘
applications, optical modulation, optical noise.
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NALOG optical links are important for transmission of :ll /%

signals over long distances due to the low loss of optical (,} P ot
fiber. The major application of optical links has been for cable @
television (CATV) signal distribution, which requires broad- 180" ()
band signal transmission. High-performance applications have _/ \
used external modulation of an expensive Nd : YAG laser with () | per
low intensity noise, as shown in Fig. 1(a). More recent ap- < POLARIZATION
plications such as cellular radio and personal communications Vit COMBINER

system (PCS) base-station signal transmission [1] and antenna @

remoting [2] are narrow-band, and are considerably more C@®f. 1. Block diagram of (a) external-modulation link, (b) conventional

sensitive. An externally modulated Nd:YAG laser is not differential intensity-noise cancellation configuration, (c) experimental de-
_ : : _ : ed-differential intensity-noise cancellation configuration, and (d) alternate

cost effecnye soluthn, but Iqw cost semlcondgctqr lasers ha éayed_diﬁeremial implementation.

intensity noise that is too high for many applications.

The link degradation due to laser intensity noise can Rfsiortion and a conventional Mach-zehnder modulator must
reduced with a conventional laser noise-suppression metkt%j biased at quadrature

of differential detection [3]-[5] using two outputs of an Here, a new bandpass differential method, shown in

gxtgrnal modulator with equal optical path delays, as Sho""—"fb. 1(c), is proposed and demonstrated. This method has the
in Fig. 1(b) [6], [7]. The two outputs from the Mach-Zehndeg, o henefit of intensity noise cancellation of the previous
interferometer are out of phase, so subtracting them withygse entia detection method, but is effective only over a

differential detector sums the signal component while cancglpoctave RE bandwidth. The two complementary output

ing the common-mode laser intensity noise. For broad-bagfl,as of the modulator are subtracted by delaying one
applications such as CATV, the differential detection meth tput by half of the modulation period and then optically

can suppress relative intensity noise (RIN) over the modulatig[]mming the signalincoherentlyin a polarization coupler.

bandwidth, as long as the path length from each outpfis incoherent summing uses polarization-maintaining fiber
is carefully matched to a small fraction of the electricaj,m the modulator output to the polarization coupler. Length

wavelength. This critical length matching between fibers capaiching is not required on the scale of an optical wavelength
be difficult _When |r_1$tall|ng a link over a long _d'Stancebecause of the incoherent summing. In order to provide the
Although this technique allows a lower cost semiconduct@hrect modulation phases at the desired center frequency,
laser to be used for the source, the requirement for a secopdse short fiber paths to the polarization coupler still have
fiber precisely length matched to the first fiber substantlal|¥ngth tolerances similar to that required for the equal-delay
increases the system cost. For applications with greater hgfe ential method, but are matched over a much shorter
an octave bandwidth, the link needs to have low second-orcﬂgﬁgth of fiber. However, unlike the conventional differential
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This technique of incoherently summing delayed signals can 3o : T : \
also be applied to unmodulated light. Another implementation :
for an external-modulation link would be summing a delayed | SNR

GAIN
portion of the optical power from before the modulator, as 515 i \ ]
shown in Fig. 1(d). This technique would also cancel optical =z | - \

intensity noise, but would not have the advantage of using both & , | //  SIGNAL
modulator outputs to enhance the signal. The polarization- ¥ / .

combining technique demonstrated here can only be used if | // CRN .

there are no polarization-sensitive components further in the @-5 |-/ . - GAIN Vo ’ .

link. S ¥ ¥ |
Here, the performance of the delayed differential configura- ‘

tion is compared to a conventional low-biased link to examine =0, ' ; ' 2 ' 3

which technique is more effective for narrow-band links. Normalized Frequency 1,

Closed.-form solutions r?\re given for gain, OOISe fl'gur'e, arH?g. 2. Signal gain, noise gain, and SNR gain as a function of normalized
dynamic range of low-biased and delayed differential links. frequency.

[I. DELAYED DIFFERENTIAL LINK the delayed differential method is equal to one-quartefpf
The amount of intensity noise cancellation using differential G — cos? nf 3)
detection is limited by the relative amplitude and phase RIN-= 2f, )

imbalance of the modulator outputs. In principle, a differenti . . .
external-modulation link can c?)mplete?y caﬁcel the RIN %HIN gives the apparent change in laser RIN when measuring

the | Using the delaved diff tial f' " e intensity noise at the output of a differential link, and
€ laser source. Lsing the delayed ditterential contiguratiog, equal to zero for perfect RIN cancellation and equal to

shown in Fig. 1(c), the amount of intensity noise cancellatio(ghe for noise components that add in-phase. If the maximum

is limited even for perfect amplitude balance because the no nguency range over which a given RIN suppression can be
components are exactly out of phase at only a single frequen Yhieved is dgiven by = f. & A f. then
For moderate bandwidth systems, the dominant error would %e g ¥ = I I

phase !mbalance due to the frequency-dependent phase of the Af = % sin~! (\/@) (4)
delay line. U
The output intensity noise of a differential link with oneThe relative bandwidth is given by
output delayed by a time can be calculated by summing the o
output intensity noise (¢) of a single-ended link with the same BW = 287 =~ Mﬂ.
delayed output(t — 7). The resulting ratio of RIN power for Jo T
a delayed differential link compared to a single-ended link ca¥oise cancellation ofiry = —20 dB can be achieved over
be given as a noise gain terG, a relative bandwidth of~13%.
The calculations in Fig. 2 show that RIN can be suppressed
G = 4 cos? <7ff> 1) arbitrarily well at a single frequency for the ideal case of
" 2fo perfect amplitude balance and incoherent signal addition. The

. ) . reduction in delayed differential-link noise figure would be
where f is the noise frequency anfl is the center frequency 4noroximately equal to this reduction in effective RIN as

at which the delay-line electrical phase shift is 188t low 504 a5 the differential link remains RIN limited and the
frequency, the noise terms are in phase, and the delaygdy,jator-bias point is the same for both cases. However,
differential RIN power increases by a factor of four compareghe jmprovement in link noise figure and dynamic range of a
to a single-output link due to the increase in optical POWer. gitarential link compared to a single-output link depends on a
The reduction in intensity noise from a differential configy,;mper of link parameters. When the laser RIN is sufficiently
uration can be related to an apparent reduction in laser RN hressed, the link noise figure will be dominated by input
for an equivalent single-ended link. The RIN power spectrgleyma| noise, shot noise, or noise from the amplifier following
density Nrrv referenced to the link output is [8] the photodetector. In addition, the following two sections
~. 2 will show that, for suboctave links, the optimum modulator-
Nein = RIN LG Ry @) pias point is different for the single output and differential
configurations.

(5)

where RIN is the RIN parameter of the lasel, is the

average photodetector current, aitj is the photodetector
load impedance. The factor of four increase in low-frequency
noise power in the differential link is accompanied by doubling A common approach to substantially reducing the effect
of the photodetector current, so there is no difference at laser RIN in narrow bandwidth external-modulation links

low frequency between the apparent RIN measured using thes been to bias the modulator for low optical transmission
delayed differential link and the actual laser RIN. Due to th®]-[11]. Low modulator bias reduces the output noise contri-
doubled photocurrent, the change in effective R for  bution of shot noise and laser RIN faster than the output signal

I1l. L ow-BIASED MODULATOR



HELKEY: RIN CANCELLATION IN BANDPASS EXTERNAL-MODULATION LINKS 2085

level, resulting in an improvement in the signal-to-noise (SNRyhereZR; is the source resistance abd is the modulator half-
ratio at the expense of reduced link gain. Low modulator biagave RF switching voltage measured at the modulator input.
increases second-order intermodulation products, but these Tdlls value ofV. includes the effect of impedance mismatch

out of band for suboctave links. . and any modulator impedance matching. Consequently, the
The shot-noise power spectral densify,,.. referenced to RF value ofV, can be considerably lower than the dc value
the link output is [8] for a lumped-element modulator with impedance matching,

Nt = 2014R ) or higher than the dc value fqr a modulator with a velocity
shot 4 mismatch between the electrical and optical wave or an
wheregq is the electron chargd, is the detector current, andelectrode impedance which is lower than G0
R, is the detector load impedance. The postamplifier-noiseOptimum link performance is obtained by increasing the
power spectral density ..., referenced to the link output is optical power until shot noise dominates over the noise of the
Noawp = FokT @) post-detector amplifier, and by using a laser with low RIN.
Consequently, the performance of single-output and differen-
where F, is the noise figure of the receiver chain followingial links will be compared to the shot-noise contribution of an
the photodetector; is the Boltzman’s constant, aril is the  jdentical single-output link. This comparison is useful in that
temperature. It is important to include this effect of receivape relative effect of modulator-bias point and of differential
noise figure when optimizing the bias point of the modulatoputputs can be characterized for many links by only one or
The noise power spectral density due to thermal noise at g parameters.
modulator input is the produdtl” for an impedance-matched The noise figureF; for a single output traveling-wave
traveling-wave modulator. This thermal noise contribution irmodulator biased at an angfeis
creases by a factor of two for an impedance-matched lumped- )
element modulator where the modulator internal resistancg, — 1 4+ F, .. <1 + €08 0 + pamyp JgPRIN(l + cos 6) )
generates noise [12], and at low frequency for a traveling-wave ’ sin” 6
modulator where the noise from the termination resistor also (11)
couples to the optical wave [13]. The effect of input thermal

T . where the first term is the thermal noise contribution for a
noise is small for broad-band modulators and will be neglecttF . . o
in most of the analysis here. raveling-wave modulatorf;, ... iS the contribution of shot

In order to avoid degrading link performance, the laser RI oise for a single-output link with the modulator at quadrature

power should be kept much lower than the sum of the shof
noise and receiver noise [13]. This condition is met if

2V2  _ V2(162.2mA - V=2)

F, shot = = 12
2q F,kT @ 2hot kTR, I, I 12)
RIN € = + = (8) _ _
1y IRy where the numerical value is calculated at room temperature
so that the increase in noise figure due to RIN is much le&¥ %, = 50 €. _ _ o
than 3 dB. The ratio of the equivalent-input amplifier-noise power to
A shot-noise limited link with a detector currefif = 1 mA  the shot-noise power at quadratyrg.,, is given by
requires a laser RIN of much less tharl55 dB - Hz™ 1, FkT 0.4 mA
which is achievable with current diode laser technology. DPamp = 2q1, Ry = I, (13)

Each factor of an increase of ten in the detector current

requires a reduction of 10 dB in the RIN to avoid degradin‘dhefe the numerical value is calculated at room temperature
the link noise figure. Shot-noise limited operation with #r o = 2 dB and By = 50 Q. Under these conditions,
detector current of 10 mA requires laser RIN much less th&ROt noise is higher than amplifier noise for a detector current
—165 dB - Hz—1L. The shot-noise-limit condition given in (8).[(1 > 0.4 mA. This relatlonshlp IS not dependent on the
can be used directly ifl; is already determined, e.g., formodulator-bias point and also holds for direct modulation
broad-band links where the modulator is biased at quadratdfeks. The relative amplifier-noise contributigs,..,, can be
However, the necessary laser RIN to avoid degrading narrofgduced substantially by using detector impedance matching to
band links is not adequately specified by this equation, as théreasefiy. The ratio of the RIN noise power to the shot-noise
photodetector current is not an independent variable, butPi@wer at quadrature bigsn is given by

optimized through the modulator-bias angle based on other I,RIN _ I,RIN

link parameters._The detec_tor photocurrépts a function of PRIN = 2 = 155dB-Hz! -mA’ (14)

the modulator-bias anglé is

For broad-band links, which must be biased at quadrature,

Iy =1,(1+cosb) (O) £, = F, 00 in the highV; limit if laser intensity noise is
wherel, is the detector current with the modulator at quadr&mall priv < 1) and the optical power is highpfu, < 1).
ture bias § = 90°). For large prin, the resulting RIN-limited noise figure at
The single-output link gair; is quadrature bias is approximatelgin * £y shot-
] 2 The bias angle for optimum noise figure of a narrow-band
G, = <Lsu19) R.Ry (10) link does not depend on the input thermal noise term. The noise
Va figure of a single-output link is shown in Fig. 3(a) as a function
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For sufficiently largePrn, both (15) and (16) reduce to the
RIN-limited low-bias noise figurd,.1 rin

Foptl, RIN = vV pamppRINFq, shot (17)

so the noise figure rises more slowly with increasing laser RIN

than quadrature biased links. High RIN low-biased links have a

noise figure proportional to the square root of the laser RIN and

] inversely proportional to the laser optical power. In contrast,

o . RIN-limited quadrature biased links have a noise figure that is
T ] proportional to the RIN and independent of optical power.

; L ! ] When the modulator is biased for optimum noise figure, the

45 90 135 180 gain Gope1 for small p,y,;, is approximately
MODULATOR BIAS ANGLE (DEGREES)

amp I 2
@ Gopii g\/ Pany <B> R,Ry. (18)

[ singLE-ouTPUT T

8 |-
, P_~10dB

RELATIVE NOISE FIGURE (dB)

Pamp + pRIN/4 + 1/8 V7T

. Shot-noise limited operation requires that the increase in
[ 2008 P ] noise figure due to laser RIN be much less than 3 dB. This
/ g condition can be found directly from the approximate noise-

<
o

| 25dB - 7 = . : . . :
E e T figure solution of (15), which results in a fairly complex

Faoge - expression. A simpler expression, which is accurate over most
" a5 dm. R - P common-link parameters, is
3 3 3¢°Rq  10q 2F, kT

F 40dB e - ] -
w0 o T RIN :
o o | S2rkr I, T I2R,

o4 i 55'0%5*#;;*‘;, T For very smalll,, this RIN limit is a factor of two higher
-180 -170 -160 -150 -140 -130 -120 than the quadrature-bias limit given in (8). The increase in

RIN (dB/Hz) allowable laser RIN for low modulator bias is even larger at
(b) higher photocurrent. The most important difference between

Fig. 3. (a) Optimum noise figure of a single-output link relative to théhiS expression and the quadrature-biased RIN limit given in

shot-naise limit at quadrature as a function of modulator bias-angle usi(@) is the first term that is independent of optical power. The

normalized parameters. These results are valid in the higHimit where : : ;

noise figure>3 dB. (b) Noise figure of a single-output link as a function ofvalue of t.hIS constant term in (19) 515‘5 dB_/HZ for a 507

RIN and photocurrent foby = 5 V, Rs = 50 Q, By = 50 Q, F, = 2 dB. detector impedance and a receiver noise figure of 2 dB. The

actual RIN limit begins to increase at very high optical power,

of modulator-bias angle, relative to the noise figure in tHUt this effect can be neglected for typical link parameter
shot-noise limit at quadrature bias. This relative noise figut@ues and is not included in (19).

can be characterized by the two parametess, and prix Analytic expressmn_s for the d_ynamlc range can be calcu-
because most present modulators operate in the Higlmit lated by a power series expansion of the modulator transfer

where input thermal noise can be neglecté (., > 1). function. For the single-output modulator, the spurious-free

The optimum noise figure is plotted in Fig. 3(b) for the Casgynamic rangeSFDR,; due to third-order distortion products

of R, =50 Q, Ry = 50 Q, V. = 5 V, and a receiver noise 'S 9iven by the power ratio

figure of 2 dB. An approximate solution to the optimum noise F. o 2/3

figure F,p,.; of a narrow-band link that is valid over a wide SFDR; = <qT> SFDRy, shot (20)
range Ofpamp and PRIN is !

o

\

(19)

Quadrature Photocurrent (mA)
\

whereSFDR, 5ot iS the shot-noise limited dynamic range for
the modulator biased at quadrature [14]

1 Pamp \/ Pamp (pamp ) 2 2/3
Nzt —]/—+ amp T +{— . 15 21,
<2 5 PRINPamy 5 5 (15) SFDR,. shot = <_’1> (21)

qB
e e o 2 1 e bandwidthn hich the sprire dynaric ange
For smallp (15) simplifies to IS measured. Third-order spur-free dynamic range is the input
amp power range for a two-tone input signal where each of the
1 tones are above the noise floor and each of the third-order
5) . (16)  intermodulation products are below the noise floor. In previous
work, the dynamic range has been expressed as a voltage ratio,
If prix is also small, thedope1 = Fy <10t/2, an improvement in which case, the exponent in (21) would be one-third [14],
over quadrature bias of 3 dB, which agrees with previo(i$5] rather than two-thirds. The dynamic range in (20) can

results [9]. be expanded, as shown in (22) at the bottom of the following

Foptl =1+ Fq, shot

1
Foptl =1+ F , shot <§ + v/ Pampi/ PRIN +
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page, where,,,.q is the ratio of the input thermal noise power In this case, the differential-link gaif¥s of the dual output
to the shot-noise power for a single-output traveling-waveodulator biased at an angteis
modulator biased at quadrature .

2nl, sin 0

2
Gy = <—> R.Ry. (25)
Ve 7
1 (23) (14 |cos 8))

Pmod = The differential-link noise figureF, with the higher optical

power output optically attenuated to cancel the RIN contribu-

but is negligible for broad-band modulators with high. tion is
Even for cases that are shot-noise limited at quadrature, 1+|cosf p 1+ |cos 6]

. X X X . \NF -1 +F amp
amplifier noise contributes at the optimum low bias for narrow-2 4, shot 2 4 1— [cos 6
band links. Using the noise figure approximation of (16) and
neglectingpmod, for smallp,n, the optimum dynamic range + GRINPRIN sin® 9) (26)
SFDRpe1 in the high Vi limit is

Fq, shot

where the shot noisg]_ .., the amplifier noisg,,,, and the

2/3 RIN parametemprn are the values for an equivalent single-
SFDR.... | = 41y (24) output link in order to directly compare the performance of
optl B (1 + 2. /Pamp v/ PRIN + 1/_2) single-output and differential links. This expression assumes

that the photodetectors are not impedance matched for maxi-
mum gain, so that the detector load impedance is the same for
es’ingle—output and differential configuration. The conventional
differential configuration uses two photodetectors, which gives
o ) . N ) er optical power per detector than this delayed differential
3-dB decrease in link noise, not from improved link IInearItymethod, but at the expense of twice the total capacitance from
the two detectors. The same optical power per unit area can be
realized in this delayed differential configuration by doubling

] ) ) o the detector area, which also doubles the detector capacitance.
Previous demonstrations of differential links have used th& narrow-band applications, the link gain reduction due to

modulator biased at quadrature in order to give low secongtector capacitance can be removed from either configuration

order distortion for broad-band applications. Here, the Ugg reactive matching if the parasitic series resistance of the
of low-biased differential detection links is proposed angetectors is sufficiently small.

the resulting performance is analyzed. The differential RIN The effective RIN gainGrmn, which was defined earlier in
cancellation technigque can stiII be used with gnequal POWES), is zero for perfect amplitude and phase balance between
outputs from the modulator if the RIN amplitudes of thgne channels. The results derived here for the delayed dif-
two outputs are adjusted to be equal before subtracting agential configuration are valid, in general, for conventional
two signals. This same technique of equalizing the Riterential links and for differential links which use optical
amplitudes before subtraction can be used for other modulajgfanyation to balance the two channels and cancel RIN, except
topologies. Linearized modulators [16], [17] and directionahat for the delayed differential configuratiofigy is also
coupler modulators [18] can have complementary outpuignited by the operating bandwidth.
A fraction of the input optical power can also be used for The nojse figure of a differential link relative to the shot-
differential operation of single-output modulators. Differentialgise |imit for a single-output link at quadrature is shown
operation with low modulator bias has an advantage for links Fig. 4(a) as a function of modulator-bias angle, where
that are detector current limited, as the average detector curigpt gitferential summing of the signals is assumed to be
can be substantially reduced. . _ lossless. The optimum differential noise figure is plotted in
The relative RIN amplitudes can be adjusted by opticallyig_ 4(b). In order to cancel laser RIN, the output with more
attenuating the higher power signal, or by providing a differegjyical power needs to be attenuated, which also attenuates the
electrical gain after each photodetector. A simple method gioqylation signal. Consequently, the differential method has
adjusting the relative levels electrically is to use impedangemore rapid decrease in signal gain as the modulator is biased
matching to give a different load impedance to each photodgyay from quadrature, compared to a single-output modulator
tector. The electrical gain method of RIN balancing has thgnere the signal gain changes relatively slowly as a function
advantage of higher link performance, as optical attenuatigfpjas angle. For a differential link with sufficiently large RIN

incr_eases the rglative effect of shot noise. !—Iowever_, Only_tﬁﬁncellation, the optimum noise figufé.q2 at quadrature is
optical attenuation method can be used with the single-fiber

differential delay configuration, so only this configuration will Fuadz = 14 Fy cot <l 4 Pamp GRINPRIN)- 27)
be analyzed here. 2 4

which is approximately 2 dB higher than for a shot-nois
limited link at quadrature bias [10] iprin and pamp are
small. The 2-dB increase in dynamic range comes from t

IV. Low-BIASED DIFFERENTIAL LINK

21, sin? 6 )2/ ®
qB 1+cos ¢ + Pamp + PRIN(l + cos 9)2 + Pmod SinQ 0

SFDR; = < (22)
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@ Fig. 5. Noise-figure improvement for a differential link compared to
an identical low-biased single-ended link for RIN cancellation factor
100 Grix = —20dB, Ry = 50 Q, F, = 2 dB.
Fr T T T T L LR S =c
T R
= 2098 figure 2 at low bias for smallp,.;, is approximately
g _
é 10 25 dB - 7 p
- ] ~ amp
g 7 ] Fopt2 =1+ F , shiot (1 - TI + v/Pamp V 4GRINPRIN_1)-
T 3008 _
e ] (28)
2 1L 3508 - Low-Bias
© F E— / Region
g 4048 o T The optimum noise figure is given by the smaller 6.2
© 4598 7 Quadrature Region and Fy,2. By comparing (27) and (28), it can be seen that for
8 S S S S N small and , the differential noise figure at low-bias
-180 170 160 -150 140 130 120 Pamp PRIN . . 9 . .
RIN (dB/Hz) I,hio is approximately twice as high as the noise figure at

b quadraturef .42 because there is twice as much shot noise
() due to the two channels, but not substantially more modulation

Fig. 4. (a) Optimum noise figure of a differential link relative to thegjgnal. Under these conditions of sm and the
shot-noise limit of a single-output link at quadrature as a function of modulatorg ) ﬁUInp PRIN

bias-angle using normalized parameters. (b) Noise figure of a differential nﬁlptimum modulator bias WQU|d _be at quadrau_”e- o
as a function of RIN and photocurrent fériy = —20 dB, Vx = 5 V, The improvement in noise figure for a differential link

Rs =50 &, Rq =50 2, Fo = 2 dB. compared to an otherwise identical single-output link in the
high V. limit is shown in Fig. 5 as a function of laser RIN
and photocurrent. This noise-figure difference does not depend

For sufficiently low laser RIN and amplifier noise, the opon the value ofV; or source impedanc&,. The differential

timum differential noise figurelfiuaaz = Fy su0t/2 is the  configuration has better performance over the full calculation

same as the optimum single-output noise fighig:,, but a range, although the improvement is smallest at high optical
comparison of (15) and (27) shows that the differential methggwer and low laser RIN. For smap...,, the boundary
can maintain this optimum performance for a higher level gfetween optimum bias being at quadrature or being at a low
laser RIN if Grry is sufficiently small, and also for a higherbias is the conditiorGrix * prin = 1/2. AS pamp iNCreases,
level of amplifier noise resulting from low optical power. Thehis optimum bias-point boundary moves to higher values of
quadrature-biased differential link also has considerably high@ky * prinv. Better RIN suppression gives lowéiry, and
gain than the low-biased single-output modulator because itiglher laser RIN can be tolerated before low modulator bias
operated at the bias point for maximum gain and because bbtttomes optimum for the differential configuration.
modulator output signals are used. In practice, the polarizatioriThe differential-link spurious-free dynamic ran§& DR,
combiner used in the delayed differential method contributeshere the stronger optical output is optically attenuated to
some insertion loss, which degrades both gain and dynarsancel the RIN contribution is shown in (29), at the bottom
range, although this insertion loss can k®.5 dB and is of this page.

neglected here. The dynamic range is maximum at the bias where the noise

Low modulator bias also can be used to reduce the effdigure is a minimum [10]. If the laser RIN is sufficiently
of RIN for differential links with imperfect RIN cancellation, suppressed by differential detection then the optimum bias
just as it does for single-ended links. The differential noiseccurs at quadrature and the dynamic raS§®Rqyaq2 in

81, (1— |cos 6)) )2/3
qB 2 sin® 6 + Pamp(1 + | cos 0]) + 4(1 — | cos 6|)(GrinprIN sin? 6 4 prod)

SFDR, = < (29)



HELKEY: RIN CANCELLATION IN BANDPASS EXTERNAL-MODULATION LINKS 2089

100 — — 7 T T T
&g ; Ségﬂfﬁme -140 |- PN 4
~ T B ,'/ 1
E’ / I SINGLE
S oo 1d8/ | s [ OUTPUT ]
3 ~ ”/ E . ;
2 / N r
5 < oh
ey / ) | )
o 2dB/ | o -150 | *
g — ’Low-Bias E i .’
% 1 - - Region T ¢ 3
5 3dB, e 1 o
S S L
] - 4 dB; .
\5dB T4
o1 L w v e e e e e
-180 -170 -160 -150 -140 -130 -120 ‘
RIN (dB/Hz) 0 5 10 15 >
Fig. 6. Dynamic-range improvement for a differential link compared Frequency (GHz)
tgan Eie_ngga(ljéovlsgbleise)% 3ng¥ﬂe-eﬁ1c§eﬂémk for RIN cancellation faCtOIEig. 7. Measured and calculated RIN as a function of frequency for the
RIN = pAtd = PR RS Sa = 2 HE DFB laser with a fiber delay set for noise cancellation at 4 GHz for measured
single-output noise, measured delayed differential RIN, and calculated delayed
differential RIN.
the high V. limit is
2/3 . : . :
SFDR - < 41, ) / (30) for a delayed differential configuration, calculated from the
quad2 — . H H
qB(1 + Pamp/2 + 2GRINPRIN) measured laser RIN and theoretical RIN gain. For these

calculations, measured valuesigf are used, which vary from

This optimum differential dynamic rang&# DR a4z is equal 6.1 V at 3 GHz to 8.2V at 5 GHz.
to the optimum single-output dynamic ran§€DR.,; for The theoretical response has infinite RIN suppression for
small prry and ..y, although the differential method canPerfect amplitude balance between the two modulator outputs.
maintain this optimum performance with higher levels of lasétowever, an experimental RIN suppression limit was ob-
RIN and amplifier noise. served. The largest RIN suppression for the differential output

If the productGryx * prix is large, then the optimum biasconfiguration plotted in Fig. 7 was approximately 12 dB, al-
point occurs at low modulator bias. The optimum dynami&ough up to 17 dB has been observed. This noise-suppression
rangeSFDR 2 <hot N the high V. limit for small p..,, is limit is believed to be due to imperfect polarization isolation

approximately in the polarization coupler. Although the polarization com-
biner acts principally as an incoherent combiner, imperfect
SFDRorc. chios polarization isolation between the modulator outputs causes
ope, Shot ) a second parasitic Mach—Zehnder interferometer. Due to the
/3 . o . )
-~ 21, large delay in one arm of this interferometer, it acts as a highly
T\ gB(1 — pamp/2+ /Damp VAGRINDRIN — 1) sensitive converter of optical frequency-modulation noise to

amplitude-modulation noise. This noise-reduction technique
(31) . )
was found to be unsuitable for low-frequency links because

) ) _ ) the interferometer effect is larger for the larger difference in
The improvement in spurious-free dynamic range for a difpe optical path length.

ferential link and an otherwise identical single-output link iS There are a number of ways to reduce the effect of this

shown in Fig. 6, where the same trends can be seen as forithig ferometric noise on the system. One method is to modulate
improvement in noise figure. the laser with an out-of-band signal to introduce laser chirp and
destroy the coherent interaction. This method has been used
to reduce interferometric interactions due to multiple optical
An optical link was implemented with the configuratiorreflections in the link [19], [20]. Another way to minimize the
shown in Fig. 1(c) using a distributed feedback (DFB) diodeffect of this undesired interferometer would be to actively
laser and an LiNb@ dual-output modulator from UTP with control the optical phases in this second interferometer in order
aV, of ~5 V at dc. The measured half-wave voltalje of to minimize the conversion of frequency-modulation noise to
the modulator was 6.9 V at 4 GHz. The two outputs wemmplitude-modulation noise. These optical phases could be
combined in a polarization coupler with a fiber delay of 180set by injecting a pilot tone into the laser at an odd multiple
at an RF frequency of 4.01 GHz. of the noise-cancellation frequency, and adjusting the optical
The laser RIN, shown in Fig. 7, was measured after thphase in the second Mach—Zehnder interferometer to null this
modulator at a laser bias current of 117 mA. The singlmodulation signal at the output.
modulator output RIN is the actual RIN of the laser, while the The experimental link gain and noise figure are shown
RIN measured using the delayed differential configuration & a function of modulator-bias angle in Fig. 8 for a peak
modified byGrin. Also shown is the apparent RIN expecteghhotocurrent from each modulator output of 1.8 mA. The

V. EXPERIMENT
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| 8 In this paper, it is shown for narrow-band links that low
] modulator bias can also be used with the differential method
1 7 by optically or electrically attenuating one modulator output
] to balance the RIN contribution from each channel. The

I e e e B EL A S a e S
DIFFERENTIAL

-30

-35 |-

& 1o performance at low bias using optical attenuation is poorer

§ I GAIN ] than if a low RIN laser source is used, as the attenuated
< 40t ] output adds shot noise without substantially increasing the
© L_SINGLE 18 modulation signal. However, the low-biased differential links

\ ] are considerable less sensitive to reduction in RIN suppression

s I ] 4 caused by amplitude and phase balance between the two
FDIFFERENTIAL  NF ™ ] outputs than quadrature-biased differential links. As a result,

ol o N L low modulator bias could be used to increase the effective
100 120 140 160 180 operating bandwidth of delayed differential links.

MODULATOR BIAS ANGLE A delayed differential optical link was demonstrated at

Fig. 8. Measured and calculated gain and noise figure as a function of blasGHz using a DFB diode pump laser and a broad-band
angle at a modulation frequency of 4 GHz. LiNbO3; modulator. The resulting link performance was com-
pared to the standard link configuration by using only one

output of the modulator. Using both outputs of the modulator

link results include the 0.5 dB of optical splitting loss of thgequced the link noise figure by5 dB. RIN suppression is

polarization combiner, which does not substantially affect thgsjieved to be limited by FM—AM conversion due to imperfect

noise figure or dynamic range of the link. The measured dajgtical summing, which could be reduced by reducing the
agrees well with the model. The optimum noise figure of théyherent optical interaction.

single-output link occurs at low modulator bias in order to
minimize the effect of laser RIN. The optimum noise figure

of the differential-output link occurs at quadrature bias where ACKNOWLEDGMENT
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