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Abstract—This paper describes the combined effects of laser  Different methods for feeding the remote transponders
chirp, electrooptical mixing, dispersive fiber transmission, and yith optical millimeter-wave signals have been proposed

photodetection on the nonlinear signal properties of the electroop- 54 jemonstrated, such as optical self-heterodyne techniques
tically generated millimeter-wave signal (60 GHz). Analytical '

expressions describing the complex currents of fundamental and [11-[3], external modulation [4], electrical and optical fre-
higher order products are provided for the case of single-tone quency conversion techniques [5], [6], and electrooptical trans-
modulation as well as for two-tone modulation, respectively. ceiver techniques [7], [8]. In [9], we proposed and demon-
Examples will be considered including the nonlinear amplitude gtated a system concept where Ku-band master oscil-

response (output power at millimeter-wave range versus input lat imult Vi d onto th tical ch |
power at IF), the nonlinear phase response (relative output phase ator was simultaneously Imposed onto the optcal channels

at millimeter-wave range versus input power at IF), the input Of @ dense wavelength division multiplex (DWDM) system by
related 1-dB gain compression condition, the amplitude response means of a single external electrooptical modulator (EOM).

of third- and fifth-order intermodulation products, as well as the || |E signals, which are directly modulating the laser diodes,

input related intercept points for the latter signals. The model . e
developed performed well, even under moderate to large signal are electrooptically upconverted to the millimeter range. The

conditions, and very good agreement has been achieved betweerfOmplexity of the transponders can thus be significantly re-
theory and experiment. duced.

Index Terms—Dispersive optical channel propagation, elec- In this paper, the electrical signal properties resulting from
trooptical mixing, millimeter-wave communication, optical the electrooptical upconversion process are investigated in-
transmitter chirp. cluding single-tone and two-tone modulation of the laser diode.
After developing analytical expressions for the received signal
in amplitude and phase, we discuss examples and compare
measurements with calculated results. The very good agree-

T HERE IS NOW greatly increased interest in commercighent between measurement and developed theory is demon-
exploitation of the millimeter-wave region of the electrogateq.

magnetic spectrum. The principal advantages offered by opera-
tion of _systems at this range are the re_sult o_f a Wide_fractional Il. ANALYZED TOPOLOGY
bandwidth, the short wavelength enabling high spatial resolu- ) ) o )
tion, and, finally, the reduced antenna dimensions. Furthermore!n this paper, a detailed derivation efectrical end-to-end
the still available spectrum has been drawing further attentidi@nsmission properties of the optical subsystem for the case
The high atmospheric attenuation in some regions of the spéthe electrooptical upconversion will be provided. Bridging
trum can be turned to advantage to provide security to minimiRetween the system considerations and the mathematical de-
interference within the system or between adjacent systemsscription, Fig. 1 illustrates the cascade of components through
At millimeter-wave range, numerous picocells will have tavhich a signal will be passing when traveling from the cen-
be created within the communication system, requiring a higital control station toward the air interface. The downlink path
number of base stations to be connected to a central control 8vill be considered in the following. Based on this, a model
tion. This gives rise to new system design criteria, where sirfor the single optical channel upconversion process has been
plicity of base station architecture and system flexibility are veidefined. Fig. 2 depicts the configuration of the analyzed sub-
important features. In order to reduce system complexity, tegstem. Wavelength division multiplexing (WDM) is excluded
ideais to achieve all signal processing, oscillator generation, asidce its influence on the (narrow IF range) laser diode spec-
system management in a central control station. The numerawsn is negligible. The WDM—demultiplexing elements do not
base stations will then merely operate as remote transpondefspear in the model as such. Instead, a two-port optical band-
Analog optical links will offer a powerful means to achieve thipass channel filter is incorporated with an arbitrary frequency
function. response identical to that of the to-be-used demultiplexers. Op-
tical amplification has also been excluded at this point. Sub-
" , ed 3 & 2001 revised May 25. 2001 system description begins with setting up the laser diode model
K.arggjsuccrlfgr;evseall\é% C?gltj:ﬁg/ffe’r are v’virtiwtsr;\?a Co?/muﬁicatio.ns Laboratortl(,)r direct mOdlj”atlon conditions. _Electrlcal smgle_—tone as well
Dresden University of Technology, D-01062 Dresden, Germany. as two-tone sine-wave modulation will be applled. The fol-
M. Sauer was with the Communications Laboratory, Dresden University Rﬁwing steps include electrooptical mixing (Mach—Zehnder ex-
Technology, D-01062 Dresden, Germany. He is now with Corning Inc.,Cornmﬁbrnal optical modulator), dispersive fiber transmission, optical

NY 14831 USA. clile ]
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Fig. 1. Block diagram model of the downlink signal path (MOD: modulator; LD: laser diode; MUX: multiplexer; EOM: external optical modulator; SMF:
single-mode fiber (optical backbone); DEMUX: demultiplexer; PD: photo diode (in the transponder).
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Fig. 2. Block diagram of the model utilized for calculation. OBPF: optical n=—oo
bandpass filter (as demux); the other components are the same as those in Fig. 1. e )
_ Z Kn-{—le] (wot+nwat—A)
n=—oo
m3 ad ;

[ll. DERIVATION OF THE COMBINED IM-FM SPECTRUMLASER 42 Z K, oci(wottnwatt2a)

DiobE MODEL 32 n=—oc

o>
. . J(wot—nwat—2A)
A. Single-Tone Modulation + Z Knize } @
n=—oo

The laser diode is directly modulated by means of its bia i .
= 7. . 1
current. It will exhibit intensity modulation (IM) as well as fre-WShere the SUbSHitutioR; = Ji{aveuipm2)* and an abbreviation

guency modulation (FM) behavior (chirp). The optical spectrum = A(wy) are incorporated.

. . : ) : . A termexp j(wo + nwo )t can be separated next. Then, after
of the_laser diode, driven by a _s!nusmdal tone of var_lable magg'éa/eral further steps, it can be written
tude, is based on a superposition of both modulation types an

will be derived. Its time-dependent optical field can be written o0
as Epp(t)=Er Y Lu(mg, A)expj(wo+nwa)t  (3)
Eip(t)= E; - \/1 + ma sin(wat + A(ws)) which contains the important expression describing the complex

-exp j(wot + Masin(wst)) (1) envelopel of an arbitrary optical sideband

2
Ly(ma, A) = {( - E) K+ 22(Knoy + Kpyy)sin A

where the facto; is the optical field strength of the unmodu- 16 4
lated device, the second factor represents the intensity modula- ms
’ — (K, 2+ K, 2A
tion with m» as the IM index, and the third factor represents the + 32 ( 2+ Knyz) cos
frequency modulation contribution, with/ a; the FM |_ndex. iy {_@(kn_l — Kpy1)cos A
Further,wg, w2, and A denote angular optical emission fre- 42
quency, the angular electrical modulation f_requency, and the de- +E(/€n_2 — K,2)sin ZA} ) (4)
viation angle between IM and FM, respectively [12], [14], [15]. 32

A chirp factor cweniep = Ma(w2)/ma(w2) can subsequently ) ) _ )
be used to substitute the FM index. The IM term has been &¥ith the given model, one direct influence of the incorporated
panded into a series [10]. Exclusion of cubic and higher ord@PdleA can be observed in the asymmetrical optical spectrum,

terms merely leads to an error in magnitude below 1% for allin order to avoid ambiguity with the Bessel function terms introduced by the

mo < 0.65. Theexp-function (FM term) is first written in al- Mach-Zehnder optical modulator (MZM) during the electrooptical upconver-

. . . sion process, the annotatiéf; has been chosen for the Bessel function&lof
gebraic complex form and then expanded into a Fourier SerB#S;er and first kind. They are not to be confused with Bessel functiorthof

[10]. The expanded FM term, developed up to the third terrorder and second kindacDonaldfunctions).
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which is in accordance with [14] and [15]. For system consid//ith the above expression, the complex envelbé a specific
erations, the knowledge of this parameter within the operatipgoduct of angular frequenay, + nwé “ mwa) (sideband
frequency range abs min < w2 < wamax IS €ssential in order numbers: andm) can be written

to predict photodetected currents of fundamental and higher

order products precisely. Sensitivity of the calculation result (ma, A) = {K K.+ mo (K1 + Koy )G sin A
n,m ’ - ndiim i n— n+ m

to this parameter is highest in ranges where the detected mi 4

limeter-wave products show local minima in their dependence +ﬁ(Km L+ K1) K sinA}

on fiber transmission lengthor on laser electrical modulation 4 m

power (~ m3), especially in the case of electrooptical upcon- + 4 {—TQ(Kn,l + Kp41)Kpn cos A

version. Uncertainty when omitting th&-parameter can reach Mo

several orders of magnitude in such dips and up to several deci- —— Em1 = K1) K cos A}-

bels in other regions. Also, the nonlinear phase response is par- (7)
ticularly affected byA; both effects will be shown later.

B. Two-Tone Modulation In (6), the square root (IM term) of (5) has been developed up

to the linear term. Besides the components with indexes
The optical field at the output of the laser device can bje_1 42 43,...andm = 0 as wellasn = 0 andm =
written for this case +1, £2 13, . (input tones and harmonics thereof), a large
number of combination products will appear in the optical spec-
Erp(t) trum caused by the nonlinear nature of frequency modulation.
) (a) ) This fact, in conjunction with the electrooptical upconversion
=£- \/1 T S ( t+ A) + masin ( t+ A) principle and the subsequent transmission over dispersive fiber,
is the reason for the observed intermodulation distortion. Large-
signal two-tone laser modulation will of course result in inter-
(5 modulation distortion also, but the latter is based on other phys-
ical principles. Equations (4) and (7) will be further used for
where the modulation inputcurrent&é‘t”) andwéb) areofequal several subsequent calculations and derivations.
magnitude. Their relative frequency separation is very small: the

laser modulation slope will bem(wéa)) = nr,n(wéb)) which IV. ELECTROOPTICAL UPCONVERSIONPROCESS
(@) o~ (8) _ (@) ~
Iea((bj)s tomy " = my . an(db)subsequentlly 1" = A, Mixing in a Mach—-Zehnder Electrooptical Modulator
M,” = M> andA(w,”) = A(w,”) = A. An identical ap-  (mMzm)
proach has been applied to obtain the following expression fOrThe obtained optical signal due to direct laser modulation is
the optical field at the output of the laser diode: . S
Pl ! utpu ! applied to the EOM. The latter is driven at both branches by two

out-of-phase sine wave signal((n/2)sinw;t) of angular

X expj (wot + My Sin( (a )t) + My Sln( (b )t))

E rn( Z Z K, K,, frequencyw: , representing the master oscillator. At the output
m=—o0 n=—00 of the EOM, one can write
-expj (wo—i—nw( @) —i—mw(b))t—i—j% oo
( i \ Erom(t) = E1meoM Z L, exp j(wo + nwa)t
SY Y Kk et
-expj (wot + nwé )t + mwgb)t + A) ’ { Z Jrcos((6®p — 6P +77)/2)
£ Y Kk comiann |
cexp j (onnwé 4 mwt A) ~exp (6@ + 6@B)/2+ D4) 8)
B Z Z K K where Tronv denotes the modulator transmission coefficient,
e mel 6®,4 and 6@ 5 the bias induced phase terms of both branches
@ o) of the modulator, andb4 is the phase change due to the
-exp j (wot+nw2 t+ mws t+A) physical length of one of both (ideally equally long) inter-
ferometer branches. Nominally, in this scheme, the device
+ Z Z KKyt is operated at minimum transmission bias, which means
e (6@ — 6®4)/2 = +r/4, 3x/4,.... The final exponential
) (@) @) term in (8) merely represents a phase shift. All Bessel functions
[ "eXPJ (wot +nwy Tt +mw; Tt — A) ) are now.J, = .J,(my/2) with an EOM index ofm, /2 per

(6) branch.
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B. Fiber Propagation D. Photodetection Process

A simple fiber model is used neglecting polarization-mode The photodetected current is gained by performipg(t) =
dispersion as well as nonlinear fiber effects (short fiber rangs, - Epp(t) - Epp(¢)*, whereA, denotes the optoelectric con-
and low power). A Taylor series developmentbénd incorpo- version factor. Considering the previously derived expression
ration of the dispersion coefficienf)) leads to the relation for for Epp(t), a large number of terms at all combination frequen-
the dispersion propagation constanber (nw» +rw1)? /wd =  cies will result, even for a limited range efandn. Hereof, the
Ba(w). Due to the square in the numerator, the dispersion propaest relevant products aréw; + w», upper sideband (USB)
gation constant will always be positive and symmetrical arouidwnlink signal at 60.0 GHZw; — w», lower sideband (LSB)
wo, i.e.,3q will have the same sign and value fog+nw2+7w1  image at 55.2 GHZw, local oscillator (doubled master tone)
as forwg — nwa — 7wy, which is an important property with at 57.6 GHz. The figures denote the corresponding frequency
impact on transmission characteristics. The group delay propg-has been used in the experimental system. After several alge-
gation constang, can also be gained. Integration of the abovgrajc operations, which have to be omitted here, one obtains an

yields(2rcDwg ' +k)- (nwa+rwi) = B,(w) after several steps expression for the complex envelope of the USB
with & including the integration constants. Since the above prop-

agation factors are a function efwith w = wg + nws + 1wy i ) ) oul T2
andwo = coust, one can write for the sum tysp = BT Aamome ’ Z — etz
Blr, n) = fo + By(w(r, n)) + Balw(r, n)) L /1 1
=B+ By, + B, - COs <§(6<I>B —6®4)+ 57‘7r>
== /37’:71' (9) oo
Akind of index annotation is possible at this point, since discrete % _z: 2 I Ln 1] G prnG g2 nsa
spectral lines are considered. The phase shift —3 - [ due e
to fiber transmission over length experienced by an arbitrary -exp —j arg ([Ln][LnH]*IGfr,nl
sideband-, n, can now be expressed and incorporated into (9), X |G izl
which will then read at the fiber output interface L
foo  foo 5o 5 ~exp j(@rn
. B — A T
o= £ £ [roe(25505) )
B [Ln]ej(wg “+rwy —I—nwz)te—j,ﬁnnl} (13)
' with ¢,. . = =, . I+y, . Itis possible to modify the indexes,
x Eyrponel (0Pat0n)/248a) —al, (10) namelyn + 1 ton — 1, to represent the LSB. Also, if + 1

The attenuation term within the propagation functigfy) = is changed tm, the generated current of the doubled master

a+jp(w) is assumed to be constant over frequency and appeg§§illator is described. Considering (13), several simplifications
as a common amplitude factor. can be made. Sinck, - L}, ,; is complex, one can write for the

first exponential function
C. Bandpass Filtering

Optical demultiplexers of a practical system are substitutéd® 7 & ([L"][L"“]”'Gf rollG vzl

by bandpass filters in the model. The transfer functivf{w)

-expj rn — ¥r n
of the filter (OBPF) is set equivalent to that of the diplexer’s PiPrn = ooz, +1))

“in/drop” two port section. Then, arg([Ln][Ln+1]®)
Grpn =Gpw(r, n)) - 6w —wg — rwi — nws) = exp—j § Hegrn—(fo + By +Fa,.)0)
=|Gpn| P §(w — wo — Twy — nw2).  (11) Aerrezmn=Botfocianitiran )

This definition is possible since the input frequencies into the (14)

filter are known and can be described by the indexesdr.
Then, after performingrn (w) + Er,(w) - Gr(w) and retrans-
formation, the expression

It can be shown that, because we have a ratio of angular fre-
quencies irj, in linear form, the involved expressions will, for
any value ofn andr, be independent of those indexes. One can

I = — , separate a phase term from the exponent otthanction
b= 5 5 [ (it )] sepweee :

2 T2 arg([Ln][Ln+1]®)

reE—=00 N=—00

I (o b dmesa)t exp—j § Hesrn — (Bo+ By, + Ba,..)0)
.[Ln]|Gf7’,n A o e _(<P1*+2,n+1_(/30+/3gr+2,n+1 +ﬁdT+2,n+1)l)
- Eyrponed (02a+525)/24@4) —al (12) = exp —j {arg([Ln][Ln1]") + (50 — @ pra2nr1)
will denote the time-dependent, filtered optical field prior to ~ (B =Brizms )L} - €xP =5 1

photodetection. (15)
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and also further from the sums overas well as over of the
complete expression in (13). On the contrary, the same operatic
cannot be performed fg#,. The square involved in the defini- )
tion prevents this term from being independent.aindr.

(norm.)

%10
oW
V. RESULTS AND DISCUSSION 5 " ]
2 i
An ideal WDM channel filter is assumed in the following, &-20} o a2 oz ]
mainly in order to reduce the amount of variables and parame 2 o o amme2 bl=n
ters in the considerations, i.¢G ¢| = 1 anddy/dw = const, 5_30 L . iji‘@}“’/z _
in the rangevy — w1 — 10ws < w < wo + w1 + 10wo and 0 . aadlLAen

elsewhere. In the expressions provided in the previous sectiol

an arbitrary filter function can be inserted. " 20 18 16 14 12 10 -8 6 -4 2 0
Equation (13) in conjunction with (15) will now be dis-

cussed. In all examples discussed below, the frequency range

is chosen to be the same as in the experimental system of @
[9]: wa/27 = 2.400 GHz andw; /27 = 28.800 GHz. Also, 10 — T
D = 16.2 ps/(nmkm) and, for simplicity,« = 0. A 10-GBit/s =
multiquantum-well (MQW)—distributed feedback (DFB) laser 2 g} — SN
diode has been used (NEL model NLK1551HSC)..At the - | e
device exhibited a chirp factar.;, = 4.1 and an IM-to-FM %_10 | e i
angleA = 1.3 rad. 5 Lo~ T
g +
A. Amplitude Linearity “5,'20 i o
Output powerFy;sp of the upper sideband at 60 GHz versus %_30 | o e bl |
power at the input-IF (according B in ~ m3) is considered. & a Z::::ﬂﬁlj :AL,VZ
Cases will be compared for different chirp values and different N L T
phase anglea and the curves are normalized according to %22 20 8 6 42 4z 10 8 6 4 2 0
2 Intensity modulation index 10log mz2 [dB]
PEE™(1, ma..) = Posall, mz)  Mipin (16) (b)

~ Puss(l =0, m2 jin...)

o

in order to improve overview, such that a 0-dB relative outplgt%arSé OfCI:tlgg[sall:ecI{n gglzrl‘;etiilci;zrﬁﬂd%iﬁ?led)??c%g;;n ati Sa( 6{;Jn_ctiﬁogngf

power resul_ts for a unity modulation index:(log) = 0 dB for (g) 12 8 km and ;ﬁerem values ofd,:p f:r%dlﬂl- 9 =

the ideally linear casd ( 0 km). The valuen, i, represents

linear conditions and is sufficiently smah{; 1., = 0.1 in the

given case). Being of practical value, a gain compression of typically
For shortfiber transmission lengths:2 km, linear conditions G¢ = —1 dB is specified in microwave and millimeter-wave

are prevailing but noticeable compression begins shortly abcéstems. The graphs to follow depict the calculated value of

that range. Al = 6 km, strong compression and, in addition, &ser diode intensity modulation index; in logarithmic form

turnover point after which the output power s inverse to input caf¢rsus fiber transmission length b 0, . ..., 58 km for which

be observed for a chirp ef,,;, = 4.1 for all considered values this gain compression condition will be reached. Angle

of A [see Fig. 3(a)]. The power difference betwéan = 0 and and Cenirp @r€ CUIVE parameters, traces are mte_zrrupted if the

|A| = = is in excess of 13 dB fotva, = 2. Forl = 12.8 pondmon cannot be met, evenifi, = 1 is required at the

km, as shown in Fig. 3(b), the turnover point now begins to afiiPut. _ .

pear for smaller chirp values:(,i., = 1) and has shifted to- 1N Fig. 4(a), for the case of ideal blue shifk (= 0), one can

ward lowermgy(ma ~ 0.3) for aqup = 4.1. The power dif- observe a very steep decreasedey;., = 4.1 of usable drive

ference (in decibels) for both chirp values due to varylngn- level and onlym(log) = —14.2 dB lead to a 1-dB gain com-

gles is somewhat reduced. However, this is only valid until tHg€ssion at the output &t= 2 km, the curve continues to fall

(first) turnover point. Thereafter, one can observe a very ste@pd eventually reappearssat(log) = 0 dB afteri = 3 km.

(~40 dB) power drop fofPysp(aeip = 4.1, A = 0,...) Then, itagain decays at a slower rate and goes through a min-

andPysp(@enirp = 4.1, A = 7, ... while only a~10-dB drop imum of approximately-20 dB at/ ~ 28 km. Similar behavior

for Pusp(@eunp = 4.1, A = «/2, ...) with a much smoother is also observed fotyip = 2 andaanip = 1. Here, the first

minimum. The example again underlines the importance of thgrve discontinuities appear at somewhat higher lengths: the

knowledge of anglex in order to precisely determine and predicsmooth minima are also found around approximately25 km

the detected power over the whole range. If transmission lengtibig they are higher in magnitude. Clearly, from these facts, it

further increased to betweén= 25 km andl = 30 km, apower seems difficult to design a radio-optical link with this set of

collapse will appear twice fak..i:p = 4.1, and, quantitatively parameters. Unless the link is exceptionally short (a few hun-

to a much larger extent fef.p;,, = 2. dred meters), sensitivity to fiber length variation is very high
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Fig. 4. Input intensity modulation index:5(log) resulting in 1-dB gain Fig. 5. Measured and calculated ) detected poweP 2™ as a function
compression®. = —1 dB) at output as function of fiber lengttfor different  of square of intensity modulation indéx22(log)) for fiber lengths: (a) =
values ofvairp, With (@) |A] = 0 and (D)|A[ = /2. 0,6, 12.8, 15.8km (O, ¢, +, ) and (b)] = 31.6, 38.4, 50.9, 60.7 km
(O, x, ¥, %).

at short distances of a few kilometers, which is highly undesw-
able. The medium length regioh £ 15,...,35 km) offers a
more flat response but suffers from limitation in dynamic range Considering the nonlinear properties, the magnitude of the
(low usablems). In the second example of Fig. 4(b), the condetected millimeter-wave signal at USB similar behavior can
dition |A| = =/2 is considered. There are no discontinuitiesalso be expected for the nonlinear phase respdrefehe pho-
and the 1-dB gain drop occurs for much higher (and thus uscurrent. The complex envelope of the detected curigsi
able) values ofmn, for the first few kilometers of fiber link. has been derived in (13). Let the considered function kg =
Even for the highest given chirp @f.;;, = 4.1, a value of  f(mg, aenirp, A, 1) and absolute phase, which is not of interest,

. Phase Linearity

ms(log) = —3 dB is obtained aftef = 3.5 km. Therefore, is eliminated applying the expression
unlike the previous case, design and realization of a radio-op-
tical link for the given parameters seems less critical, since the ouss(ma, [, denirp, A)

first kilometers of fiber can be used with only a small sacrifice

. L . . = arg |7 l i ,A
in performance. In terms of range, this is likely to be suffi- arg [iusp(ma, 1, actirp, )]

cient for the intended indoor application. The minima in the — arg [fusp(m2,lin, 1, Gehirp, A)] - 17
medium length region{ = ...,35 km) and the properties . _
around! = 50 km are similar to the case df = 0. Preferably,ms 1, has to be very smallgz i, = 0.1 is suffi-

Measurements:Eight curves depicting the input_to-outputcient here). In addition to that, initially, the important condition
power relationship are shown in Fig. 5foe= 0,...,60.7kmat wo(m2) = const. shall be fulfilled. Observing Fig. 6(a) and (b),
w2 /27 = 2.4 GHz. The previously mentioned normalization hag noticeable difference from the previously considered ampli-
been applied. Evenfor moderateto highvaluesefmz(log) <  tude properties is that now it is not sufficient to inclydd as a
—3dB), good agreementisfoundwhichisinteresting consideripgrameter. Rather, as can be seen, the sighisfof major im-
the small-signal model of the laser diode. portance and this is the reason for including a higher number of
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Fig. 6. Relative phaséysg as a function of square of intensity modulationFig. 7. Measured and calculated ) relative phase) as a function of square
index(mZ(log)) for fiber length: (a) = 19.2 km and (b} = 28 km,aair, =  Of intensity modulation indefmZ(log)) for fiber lengths: (aJ = 6,12.8, and
4.1, and differentA-values. 19.8 km (¢, 4+, O) and (b)l = 25.6,31.6, and50.9 km (x, O, Xx).

example parameters. Sindesp(4, ...) = —dusp(—A4, ...) _ ) _
is valid, it is important to note that, if laser diode parameter eR€€n incorporated into the expressions fyrand 4. Good
traction is of interest, measurement of detected current phasedgféement is found in the experiment. The (superimposed)
this method (and topology) can in fact reveal the sigingt2]. negative slope due tag(my) is obvious but the previously
As expected, nonlinear phase distortibiss is strongest for described characteristics are also clearly visible. The phase
those fiber lengthg where amplitude compression is strongifansitions become steeper for higlieAlso, it is interesting
Also, ideal blue-shift & = 0) and red-shift & = ) phase © qpserve the different signs of .the phase change, which is
compression ighyss = 0 for both cases unless there is an ass@0Sitive forl = 25.6 km but negative fof = 31.6 km (both
ciated amplitude notch oven.. Such notches are particularly@t 2 ~ —6 dB). Theory predicts this effect (for example, at
(infinitely) deep for the given values ak and discrete phase ¢l0S€ values of = 19.2 km and/ = 28 km with A = 7/2).
jumps occur, thebysp(ma, ...) = 0, +180 or —180C". ] ] ]
Measurements:Six measurements are depicted in Fig. ¥+ Intermodulation Distortion
for laser diode device LD1 (10-GBit/s MQW-DFB laser) at The two-tone intermodulation distortion of third and fifth

an operating frequency of; /2 = 2.4 GHz, wherewa,i,, = order will be discussed next. Results on the obtained level
4.1 and A = 1.3. The derivations of the previous sectiorof intermodulation distortion for fixed intensity modulation
have been based on the relationship(ms:) = const. indexes versus fiber length have been first presented in [13].

However, in this experiment, the laser center frequendy this section, an analytical expression will be provided,
wo showed a drift with increasing modulation current enand the theoretical and measured behavior with a variable
velope (it is important to note that the envelope rathgrarametern; as well as the resulting input intercept points for
than the current swing is meant). Thereby, the modulsariable fiber span will be shown. Equation (8) is used and the
tion spectrum remains unchanged. By means of a sepaiaigexes of phase term8 and the filter transfer functioir
measurement for this device, a curve fit could be obtaineare extendedr,n) — (r, n, m). The analytical approach is
wo(mz) = wo(0) — 27(0.767m2 + 8.232m3) GHz. It has then identical to the one of the single tone (as described in Section
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Fig. 8. Normalized detected powB~2™) . as afunction of square Fig. 9. Measured and calculated Input Intercept Points 1IP3 and IIP5 versus
of intensity modulation indexmZ2(log)) for fiber length! = 25.6 km. fiber length. Lines are calculated data (solid, dashed), and symbols are
Measured ¢, <, x) and calculation (solid, dashed, points) for USB, IMD3,measurementsL{: experiment 1,8, x: experiment 2) for [IP3 and IIP5,
and IMD5. respectively.

IV) but involves somewhat more extensive algebra. Only tﬁgagnitude and limits gxtrapolatior.l accuracy b,EIOW this length,

result can be shown here, as seen in (18) at the bottom of s opposed to experlment 2 which still provided very good

page, where: identifies the product addressed by the variabfgSults al = 6 km, for higher lengths as well as foIP5.

u. In the following order, the lower side fifth-order product

(IMD5()) is defined foru, = 3, the lower side third order V1. CONCLUSION

product {MD3(%)) for « = 2, and so forth. The combined effects of laser chirp, electrooptical mixing,
MeasurementsThe modulation frequencies set are agaidispersive fiber transmission, and photodetection on the non-

as wé“)/% = 2.399 GHz and wéb)/% = 2401 GHz. linear signal properties of the generated millimeter-wave signal

The following normalization withm, i, = 0.01 applies in  have been described. A single optical channel of a WDM system

order to improve the overview such that an ideally linedras been considered including its demultiplexing filters. Analyt-

response will lead to a relative output power of 0 dB for fulical formulations, highly applicable for practical purposes, ex-

modulation m3(log) = 0 dB: PJS“O““')(Z, ma, ...) = pressing the complex currents of fundamental and higher order
P.(l,mg...) - m%}lin/PUSB(l, m2un--). IN Fig. 8 products are provided for the case of single- and two-tone mod-
(! = 25.6 km), it can be seen that intermodulation produlation. The involved behavioral model of the laser diode is

ucts can also experience multiple power dips and alternatisigaightforward and requires a limited set of parameters. In order
maxima and minima visualize the spectral energy transféw. predict resulting signals precisely, essential for system de-
Experimental data fit well with the calculated results. Agairsign calculations, exact knowledge of laser diode chirp magni-
agreement is found for comparably higlh,-values. Also, in tude and particularly of its argument (IM-to-FM phase lag) is
Fig. 9, denoting the input related intercept points (third argssential. Several examples with variable parameters have been
fifth order) after approximately = 8 km, very good agreementshown and discussed. The established link model performed
between calculation and measurements of experiment 1 as wedll, even under moderate to large signal conditions, and very
as experiment 2 is found. The limited dynamic range availald®od agreement has been achieved between theory and experi-
in experiment 1 led to poor results for intermodulation produahent.

+oo
_ o 1 1
(2 :E]?AQT]%OI\'IC Zat, _z_: _J1’J1’+2 COS2 <§(6(I)B — 6(I)A)+§77T>
+oo +oo
X Z Z 2{ |[Ln,—(z+l)—n] [Ln—l—u,—(z—l—u)—n]*Gfr,n,—(z—l—l)—ntr—l—Q,n—l—u,—(z—l—u)—n|

X exp—j arg ([Ln,f(z-f—l)fn] [Ln+u,f(z+u)7n]*|Gf1‘,n,f(z+l)fn||Gf1’+2,n+u,7(z+u)fn|

X expj(¢1’,n,7(z+l)fn - (P1‘+2,n+u,7(z+u)fn)) } (18)
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