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Abstract—The authors present a comprehensive analysis In this paper, a generalized study on the effects of different
of the chromatic dispersion effects in harmonic upconverted MZz-EOM biasing types on the DIPP is presented. It is demon-
millimeter-wave (mm-wave) fiber-optic links. The optical up-  gyrateq that the DIPP in mm-wave optical links is alleviated
conversion is performed through a photonic mixer based on a .

Mach—Zehnder electrooptical modulator. It is shown that by bi- when2 + 4k LO harmor.]'c orders, fok = 0, 17_2’ ., are use_d'
asing the electrooptical modulator either at the maximum or atthe When MZ-EOM’s are biased at the MITB point. Moreover, it is
minimum transmission bias points, the dispersion-induced power also reported on the DIPP mitigation feature for the 4k LO
penalty effect on the upconverted signal may be sharply mitigated, harmonic orders when MZ-EOM'’s are biased at the maximum
which results in increasing the frequency-length product of the y5nsmission bias (MATB) point. Furthermore, we analyze the
fiber-optic link. Experimental results are provided for the three . ) L e
different types of bias. impact of the'LO.S|gnaI modula}t|on |.nd§>'< on the mitigation of
the DIPP, which is shown that is a significant parameter when
employing LO harmonics of order4. We have recently re-
ported the DIPP expressions for both the MITB and the MATB
cases, assuming an optimum LO modulation index, which re-
|. INTRODUCTION sults in simpler expressions [10]. In this paper, we report the

HE GENERATION and transmission of microwave/mil-"M°re complex and general expressions for both the MITB and

limeter-wave (mm-wave) signals using optics is highlyq?”':/lATB cases. ed as foll In Section Il ;
desired in current applications involving hybrid photonic-mi- ' € paplerDlligrganlze as ? O\t,:)vs.hnh ection fl, we lprezer;]
crowave systems such as multipoint video distribution systenﬁlg(,e genera expressions for bot t_e conventional and the
remote antenna links and mobile communications microc&lPconverting schemes. In the upconverting case, all three mod-

lular systems [1], [2]. However, the performance of theslgatlon b""}s po'f‘ts Q.B’ MITB and MATB cases are consuj—
systems is severely limited by the chromatic dispersion ]re_d.Se_ctlonIII_|sded|catedto ynderstandthe DIPP expressions
standard single-mode fibers (SSMF) [3], which sharply limit enved_m Section Il from the interpretation of the_ MZ-EOM
the frequency-length product of fiber-optic links. To overcom utput field spe(_:tra._ In Section 1V, we analyze th? mf_luence of
this limitation several optical techniques such as chirpé eLo modu[at|on mdex on the DlPP'. This se(_:tlon_ IS repeat-
fiber gratings [4] and single sideband optical modulators [ dly referred in Section Il when reporting the simplifier DIPP
have been proposed. On the other hand, several harmd Eressions for the optimum values of the LO modulation index
upconverting fiber-optic link schemes based,on Mach—Zehn ram(_ater. In Section V, an_expression .Of the_ fiber—opti_c link
electrooptical modulators (MZ-EOM) have been proposed ndwidth for the upconverting scheme is derived. Section VI
alleviate the high-frequency/high-power requirements on thLesents experimental results which corroborates the theoretical

local oscillator (LO) source [6], [7]. The impact of biasing th@nalysis performed in the previous sections. Finally, conclusions

MZ-EOM at the minimum transmission bias (MITB) point on?'® presented in Section VII.

the dispersion effects was theoretically outlined in [8], where it
was shown that the dispersion-induced power penalty (DIPP) Il. THEORETICAL ANALYSIS

of the fiber-optic link may be sharply reduced when the second Fig. 1 shows the setup of two different schemes of a mm-wave
order harmonic of the LO source is considered to perform thger-optic link: one based on a conventional RF-modulation
harmonic upconversion. Recently, a 28-GHz LMDS fiber-optigcheme and the other based on an upconverting scheme. In the
link based on this technique, which transmits a 34-Mb/s sign@nventional system, the RF signal to be radiated by the antenna
through 73 km of SSMF with minor impact of fiber dispersion;s externally modulated onto the optical carrier, as depicted in

Index Terms—Chromatic dispersion, electrooptical modulators,
millimeter-wave fiber-optic links, photonic mixing.

has been demonstrated in [9]. Fig. 1(a). Alternatively, an IF signal directly modulates the op-
tical source in the upconverting system, and photonic upcon-
Manuscript received March 24, 1999; revised January 7, 2000. version is achieved through the LO signal driving the external
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Fig.1. Schematic of a mm-wave fiber-optic link. (a) Conventional modulating
scheme (b) Upconverting scheme.

In the conventional link, fiber-optic chromatic dispersion af-
fects the transmission of mm-wave signals [3]. The dispersion-
induced power penalty (DIPP) of the fiber-optic link is defined
as the power loss suffered by the photodetected signal due to
the fiber chromatic dispersion effects. For a modulating signal
at frr frequency, the DIPP of the fiber-optic link is given by
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where F,... IS the laser electrical fieldm; is the laser
modulation index,wir = 27fir,wro = 27fLo, and
aLo = WVLo/VW(fLo). VLo and Vﬂ—(fLo) stand for the LO

= cos(B/2r) ()

where = 7 DA?L/candarr = 7Vrr/Vx(frr). Ji(+) stands
for the kth-order Bessel function of the first kind. and D are
the length and the dispersion parameter of the optical fiber, r
spectively\ is the optical wavelength ands the speed of light
in vacuum.Vyr andV,.(frr) stand for the signal voltage and
the half-wave voltage of the RF signal, respectively.

In the optically upconverted link, the RF signal frequency is ES,JB

given by frr = N fro + fir, WhereN is the LO harmonic
order employed to perform the upconversion. In the next three
subsections, we analyze the performance of the upconverting
link for three different types of MZ-EOM bias: the quadrature
bias (QB) point, the MITB point, and the MATB point. If the
QB point is selected, the upconversion at the MZ-EOM device
is performed through the odd harmonics of the LO driving signal
(N =2k+1,k=0,1,2,...). Onthe other hand, when biasing
the MZ-EOM at either the MITB or the MATB points, the pho-
tonic mixing is carried out through the even harmonics of the
LO signal(N =2k, k =0,1,2,...).

A. MZ-EOM Biased at QB Point

When the MZ-EOM is biased at the QB point, the electrical
field at the output of the MZ-EOM devicgE 25, ;) is propor-
tional to

E]?CE)EI\{ X Blaser [1 +m; COS(wIFt)]

+ 4o Cos(wLot)} eiwot

x cos| %
COs P 5

_ E laser

V2

[1 4+ m; cos(wrrt)]

signal voltage and the half-wave voltage at the LO frequency,
respectlvely

S Atter propagation through the optical fiber, the electrical field
(EZ2 ) may be expressed as

oo
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The optical signal is then photodetected at the receiving et
From (3), it may be deduced that the RF comporentr =
Nuwro + wir) Of the detected photocurrent is proportional to

T T
R A AT
p Yol '|'|l'||'|“\

iQB X REésermi COS([NUJLO + UJIF]t)

phot
N
QLo QLo
2o (550) e (55
x cos[B([N — Kl fro + fir)? — B(kfro)?] (4)

resulting in a DIPP factor given by (5) shown at the bottom ¢ RF Frequency (GHz)
the page.

Equation (5) is a general expression that may be particulgig. 2. DIPP against the RF signal frequency for the conventional modulating
ized for a certain LO odd harmonic. Thus, when fundamentgdse (dashed line) and the upconvertjidg = 1) QB case (solid line). (a)
photonic mixing is performed¥ = 1) the DIPP factor may be fie =100 MHz (b) fir = 1 GHz (c) fir = 2 GHz.
expressed as,

Normalized Dispersion-induced
Power Penalty (dB)

(0 b
DIPP?® = cos(8 fir frr) cos(B.fLo frr) (6) 0 N=1 0 Y
Fig. 2 shows the DIPP” factor as a function of the RF signal 3 10 10
frequency for three different values of the IF signal frequenc§ -20 -20
(100 MHz, 1 GHz, and 2 GHz) and for 50 km of SSMF. As it;z g -3 -30
may be observed from Fig. 2, the IF signal frequency gover:-2 S 40 -40
the DIPF‘{QB envelope, as described by the factot(5 fir frr). §_§ 0 50 100 0 50 100
while the termcos(8fr.0 frr), produces the “fast” fading be- §§’ © @
havior of the DIPI?B. When a low IF signal frequencyiscon-8 2 o N= 0 =7
sidered {ir = 100 MHz), fi.o tends tofgr, and the DIPP of §& 10
the QB upconverting fiber-optic link approximates to that of th § 20 20
conventional case [see Fig. 2(a)]. = 30 30
Likewise, any particular expression of the DIPP for higher LC
odd harmonics may be obtained from (5). Fig. 3 show the DIF 40 -40
0 50 100 0 50 100

of the QB upconverting link as a function of the optical spai
for four different cases, in which the first, third, fifth and sev- Optical Link Span (km)

enth LO odd harmonic are employed to perform the upconver-

sion, respectively. The frequencies considered in the simulatig# 3. D!PP against the optical span for the upconverting QB gase= 1

have been 28 GHz and 1 GHz for the RF and the IF signals, a2 /=r = 28 GHz @N =10}V =3 (N =5 (AN =T.

spectively. It is worth to notice that although (5) becomes more

complex agV increases, it will be shown in Section IV that theexpression, as described in Section IV. These values are different
DIPP expressions may be simplify for certain values of the Lfor each case, because they depend on the order of the LO har-
modulation index. In the QB case, this simplification results imonic employed in the upconversion process.

a dominant term as As it may be observed from Fig. 3, the DIPP results for all
B four cases present the same envelope defined by the first co-
DIPPY® = cos(Bfir frr) cos(Bfrofrr). (7)  sine term in (7), i.e.cos(Bfrfrr). The second cosine func-

The different curves shown in Fig. 3 have been computed gion, cos(f3fro frr), governs the “fast” fading behavior of the

L o IPP results, and it is different in each case as the LO signal
the values of the LO modulation index that simplify the DIPfrequency is given by = (frr — fur)/N, as it is shown in

1Fast fading in terms of the frequency-length product. Fig. 3.

(%)

DIP#]%,B _ Ei\:o I (QLTO) It (aéo) cos[B([N — k] fro + fir)* — ﬁ(lffLO)Q]'
| o i (252) Tk (%52)
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Jwot Fig. 4. DIPP against the RF signal frequency for the conventional modulating
X COS([Zk + 1]wLot)] ¢ case (dashed line) and the upconveriig = 2) MITB case (solid line). (a)
fir = 100 MHz. (b) fir = 1 GHz. (¢) fir = 2 GHz.

oo

. Lo
= Fraser Z (=" a1 (T) The optical signal is then photodetected at the receiving end.
k=—oco From (9), it may be deduced that the RF component of the de-
x cos([2k + Lwrot) tected photocurrent is proportional to
00 -MITB 2
i ¢ N tpho RE aser!/% N + 13
S s (22) R el
k=—oco QLo Lo
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k=—o00 — /3([2]{} + 1]fLO)2] (10)
x cos([(2k + Dwro — wIF]t)] ¢/t (8) resulting in a DIPP factor given by (11) shown at the bottom of
the page.

When the upconversion is performed through the second har-
After propagation through the optical fiber, the electrical fielghonic of the LO driving signal, (11) may be expressed as
(EMITB) may be expressed as

DIPPYITE = cos[B fir frr]- (12)
o0 o Fig. 4 depicts the DIPP of a 50-km fiber-optic link as a func-
EMITB o Flocer Z (—1)* Japga (%) tion of the RF signal frequency for the same caggs & 100
k=—o0 MHz, fir = 1 GHz, fir = 2 GHz) considered in Fig. 2, but em-

x cos([2k + 1]wLOt)ej,8([2k+1]fLo)2 ploying the LO second hgrmonic and MITB atthe MZ-EOM. As
oo may be observed from Fig. 4, the DIPP results for MITB fit the
+ mn Z (=1)*Japy1 (O‘ﬂ) envelopes of the results obtained for QB (depicted in Fig. 2), as
ke — oo 2 predicted by (12). MITB results depicted in Fig. 4 show signifi-
o%h + 1 N eiB2k+11fro+fie) pant improvement of the fib_er—optic link bandwi.dth. Moreovgr,
X COS([(OO + Dero +wirlt)e it may be observed from Fig. 4 that the magnitude of the im-
i 1V I provement inversely depends on the IF signal frequency.
m (—=1)* Japps “Lo lyd d he IF | f
2 = 2 In Fig. 5, it is shown the DIPP for the MITB case as a func-
x cos([(2k + 1wro — wir]t) tion of the optical span, when the upconversion is performed
through the second, fourth, sixth or eighth harmonic of the LO
I B(2k+1]fro—fir)? | giwot (9) driving signal. The IF and RF frequencies are 1 GHz and 28
GHz, respectively. As for the QB case, (11) may be simplified

N/2—-1
DIPFﬂ]\\gITB — k=/0 J2k+1 (

©) Jn_ak-1 (252) cos[B([N — 2k — 1] fLo + fir)? — B([2k + 1]fLO)2].
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Fig.5. DIPP againstthe optical span for the upconverting MITB case= 1
GHz, frr = 28 GHz. (N =2.(b) N =4.(c) N = 6. (d) N = 8.

for certain LO modulation indexes (Section 1V). Thus, when
photonic mixing is carried out with a LO harmonic of order

2+4k,k=0,1,2,..., the DIPP may be expressed as

DIPPYLS 4 & cos[Bfir frr]- (13)

937
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After propagation through the optical fiber, the electrical field
(EMATBY may be expressed as
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The optical signal is then photodetected at the receiving end.
From (16), it may be deduced that the RF component of the

On the other hand, when employing LO harmonics of ordgletected photocurrent is proportional to

444k, k =0,1,2,..., the DIPP is given by,

AITB

DIP N=4+4k ~ COS[ﬁfIFfRF] COS[2/3fLofRF]. (14)

As may be observed from Fig. 5, the DIPP results for the

casesN = 2 and N = 6, i.e., LO harmonics of order3 4+

4k, correspond to the envelope defined (3 fir frr), as

predicted by (13). Likewise, the DIPP curves of the cdges 4

andN = 8, LO harmonics of ordet+4k, are governed by (14).
The differences between the results shown forshe= 4 and
N = 8 cases are only due to the different LO signal frequenct,

employed in each case.

C. MZ-EOM Biased at MATB Point

'I;MATB = REIQasermi COS([NwLO + wIF]t)

phot
N/2
1.0 1.0
S () v ()
Z 2k 2 N2k 2
k=0

x cos[B([N — 2k]fro + fir)? — B(2kfro)?]
17

resulting in a DIPP factor given by (18) shown at the bottom of
he next page.

yFig. 6 depicts the DIPP for the MATB case as a function of
the optical span, when photonic mixing is performed through
the second, fourth, sixth or eighth harmonic of the LO driving
signal. As for the QB and MITB cases, the IF and RF signal

When the MZ-EOM is biased at the MATB point, the electaquencies are 1 GHz and 28 GHz, respectively, and (18) may

trical field at the output of the MZ-EOM devicgE NN B) is
proportional to

EMATB

EOM X Blaer[1 +m; COS(wTFt)]

[
X €OS [OCL; COS(wLot):| it

= Elaser[l +my; COS(wIFt)]

X [ i (—1)kJ2k (O”TO) COS(kaLOt)] ot

k=—oc
= a
= Floser k; (=1)K Ty, (%) cos(2kwrof)
i - _1)k &Lo
T3 k:z—:oo( 2 ‘]2’“( 2 )

X COS([Q/%ULO + wIF]t)

be simplified for certain LO modulation indexes (Section 1V).
When upconversion is performed through LO harmonics of
order4 + 4k, the DIPP may be expressed as

IITB

DIP N=4+4k ~ COS[ﬂfIFfRF] (19)

while when employing LO harmonics @f+ 4k, the DIPP is
simplify to

DIPPNATR 4. ~ cos[Bfir frr] cos2B 1.0 frr)- (20)

As it may be observed from Fig. 6, the DIPP results for the
N = 4and N = 8 cases, i.e., LO harmonics of ordér+
4k, correspond to the envelope defined &y (8 fir frr), as
predicted by (19). The DIPP results for the= 2 andN = 6
cases, i.e., LO harmonics of orde# 4%, are governed by (20).
The differences between the results shown forahe- 2 and
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(a) (b) 2fLo and fir, which govern the two cosine functions of the
0 =2 0*\;\:4; corresponding DIPP, as stated in (20) foe= 0. When higher

- -10 -10 order harmonics of the LO driving signal are considered, the
§ 20 20 principal frequency components are distributed either as in
g & -30 .30 Fig. 7(a) (orded + 4k, k= 0,1,2,...)orasin Fig. 7(b) (order
58 2+ 4k, k = 0,1,2,...), and the corresponding DIPP are the
£ 40 -40 ) .
a£ same as those obtained for the fourth-harmonic case and the
g 8 0 50 100 0 50 100 . .
23 second-harmonic case, respectively.
S % © @
]
& § 0 N=6 0 ‘\’3 IV. INFLUENCE OF THELO MODULATION INDEX ON THE
g -10 -10 DISPERSIONINDUCED POWER PENALTY

-20 20 . . .
2 20 20 As stated in Section Il, the expression of the DIPP strongly

i i depends on the LO modulation index. This dependence is due

-40 40 to the DIPP being the sum of several terms for even harmonics

0 50 100 0 50 100 of ordersN > 6 and ordersV > 4 for the MITB and MATB
Optical Link Span (km) cases, respectively. Provided that the appropriate bias to reduce

the DIPP of the upconverting link is chosen, i.e., MITB for LO
Fig. 6. DIPP against the optical span for the upconverting MATB case=  harmonics of ordeg + 4k and MATB for LO harmonics of
1 GHz, frr = 28 GHz N =2 ()N =4 (N =6 (N =8. order4 + 4k, the DIPP will be composed by the sum of the
. . desired termgos(3 fir frr), and other undesired terms. The
N =6 cases are only due to the different LO signal frequen(,}{m of choosmg(properly )the LO modulation index is to mini-
employed in each case. mize the influence of the undesired terms. Thus, if upconversion
through the sixth harmonic of the LO driving signal with MITB
lll. D1sCUSSION ON THEMZ-EOM OuTPUT OPTICAL RIELD bias is considered, the DIPP expression may be calculated from
SPECTRA (11), and is given by (21) shown at the bottom of the page.
To explain the dispersion tolerant transmission achievedin this case, the desired term is governed by two third-order
when biasing the MZ-EOM at MATB, the optical field spectrdbessel functiong.J; - J3), while the unique undesired term
at the output of the MZ-EOM is considered. A similar exis governed by the product of a first and a fifth-order bessel
planation may be provided when the MZ-EOM is biased &tnctions(J; - J;). Fig. 8 depicts the amplitudes of the two
the MITB point [10], which corresponds to DIPP expressionSIPP terms stated in (21). In Fig. 8(a), a low LO modulation
given by (13) and (14). Fig. 7 depicts the optical field spectiadex is chosen, and the amplitude of both terms is very similar.
when the MZ-EOM is biased at the MATB point. In Fig. 7(a)As shown in Fig. 8(b), with the chosen value of the LO mod-
the RF signal is generated as optical harmonic mixing theation index the undesired term affects the DIPP, producing
IF signal with the fourth harmonic of the LO driving signalan annoying ripple over the desired curve. This ripple may be
(fourth-harmonic case), while spectra shown in Fig. 7(b) asiminated by a properly choose of the LO modulation index.
for the case in which upconversion is carried out through the Fig. 8(c), the LO modulation index is chosen to suppress
LO second harmonic (second-harmonic case). In both cash® undesired term, which results in a DIPP free of any ripple
the pairs of frequency components that primarily contribuf&ig. 8(d)]. As the LO harmonic order increases, the number
when heterodyning to the RF signal are remarked using arrow$undesired terms of the DIPP factor becomes higher. In these
For the fourth-harmonic case, it should be pointed out the&ses is not possible to achieve a complete suppression of
the relative frequency between the two beating terms whieli the undesired terms. The choosing of the LO modulation
generate thelfio + fir frequency is fir, which governs index is based on achieving the maximum span between the
the DIPP in this case, as derived in (19) for= 0. For the amplitudes of the desire term and the sum of undesired terms,
second-harmonic case, the relative frequencies among wigich coincides with the LO modulation index for which the
spectral components that generate #fgo + fir term are main undesired term is suppressed. Although a minimum ripple

DIPPYATS alo Jon (%52) In- 2k1\( 5 52) cos[B([N — 2k] fro + fir)? — /3(2/€f110)2]' (18)
Zk 0 J2k ( Lo) N2k (aLo)
DIPPYITE _ J(%%e) J5 (%% )COS(ﬁfI(I:fRF)COS(y(4ﬁfLOfRF(y+ J3 (2%9) J5 (%% )COS(ﬁfIFfRF) 21)
Ji(252) J5 (%52) + Js (%%52) Js (%5°)
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with N = 6. fir = 1 GHz, frr = 28 GHz. (a) & (c) Amplitude of the DIPP _. . . . . .
terms against the LO modulation index. (a) Nonoptimum LO modulation ind&9: 9- . Optical ||nk_ bandwidth against the IF signal freq_uency for the
(c) Nonoptimum LO modulation index (b) and (d) DIPP against the optical Iinﬁonventlonal modulating case (dashed line) and the upconverting MITB/MATB

span. (b) Non-optimum LO modulation index. (d) Nonoptimum LO modulatiofi@S€s (solid line). The optical span is 73 km.
index.

tical span of 73 km. As it can be seen in Fig. 9, the optical link
remains in these situations, it is completely negligible as it may3 dB bandwidth of the conventional modulating case does not

be observed in Fig. 6(d). depend on the IF signal frequency, while for the upconverting
case it inversely depends di-. Thus, for afir of 1 GHz the
V. FIBER-OPTIC LINK BANDWIDTH link bandwidth for the modulating case is approximately 5 GHz,

while it increases over 25 GHz for the upconverting case. If a

The —3-dB bandwidth(Af_ of the optical link may be ; ;
WIdU(AS- 3ap) prea’ | Y wer frr of 100 MHz is used, the fC9XY remains at 5 GHz,

defined as the RF frequency at which the DIPP falls 3 dB due 1Q". UPCONYV : )
the fiber chromatic dispersion f_3 45 may be calculated for W iletheAfZ; 45 " is extended further 250 GHz, which re-

both the conventional and the upconverting cases. In the céHltS In a mm-wave transmssm_n fr_ee fro_m the carrier suppres-
ventional modulating case f_s s may be deduced from (1) sion effect due to fiber chromatic dispersion.

and it is found to beA fCONY = | /7/4/3. When the DIPP is
reduced in the MITB/MATB upconverting cases (DIBE,> ,,
and DIP A’?iﬂik), A f_sap may be calculated from either (11) Fig. 10 depicts the experimental measurement (circles) of
or (16) and is given byA fYS o = 7 /43 fir for both cases. Fig. the DIPP as a function of the RF signal frequency for four
9 shows thel f 3 g against the IF signal frequency for an op4different cases. A 500-MHz IF signal frequency and a 73-km

VI. EXPERIMENTAL RESULTS
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(@ G techniques proposed in this paper require LO driving signals of
0 [eooomeesagomre—— 0 lower frequencies, which result in simpler and more econom-
3 -10 L -10 ical electronics. The LO signal frequency required in the up-
s 20 Z.’ -20 converting case is that of the conventional case divided by the
" . . .
2 & -30} w7 i ’ -30} paTE order of the LO harmonic employed in the upconversion. There-
$ g -40{ N= : 40| N=2 fore, both the MITB and MATB upconverting links are proposed
53 0 5 70 ' 15 0 3 0 35 asanalternative to the conventional modulating optical link for
j . . . .
.2‘{ © mm-wave transmission in antenna remoting systems.
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