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Dispersion Effects in Optical Millimeter-Wave
Systems Using Self-Heterodyne Method
for Transport and Generation

Rolf Hofstetter, Harald Schmuck, and Rolf Heidemann

Abstract—This paper describes the detrimental effects of chro-
matic and polarization mode dispersion (PMD) on systems using
single-laser-based optical self-heterodyning for generation and
transport of millimeter (mm)-wave signals. The decrease of the
generated mm-wave power due to chromatic dispersion in con-
junction with nonnegligible laser phase noise is calculated and
experimentally verified. Considering statistical properties of the
PMD an analytical expression for the cumulative probability
distribution of the power penalty is found and used to determine
the required system margin for a given system outage rate.
Furthermore, two system experiments using ASK and DPSK
modulation scheme, respectively, are presented showing no limi-
tation due to the dispersion effects.

I. INTRODUCTION

IRELESS access to broadband networks providing
high data rate flows to the user have to -operate in
the mm-wave ranges. The frequency bands around 30 and 60
GHz offer reaonable bandwidth and hence are now being, or
will be, allocated for applications like asymmetric interactive
multimedia services (IMS), broadband mobile services (MBS),
and uni-directional distribution services for traffic informa-
tion in intelligent vehicle highway systems (IVHS). At these
frequencies the usage of a network architecture with micro
and pico cells is mandatory in order to serve large areas with
radio access. Fig. 1 shows the typical architecture of a 30/60-
GHz fiber-optic broadcasting system. The main problem to
be solved for such high capacity information systems is to
transport mm-wave signals between one central station and
many remote antenna units (RAU). Due to the large bandwidth
and the low attenuation, fiber-optic technology appears to be a
good candidate to solve this problem. It allows to concentrate
and share equipment at a central site and to use remote
antennas with low complexity. .
The design of optical systems for this kind of application
is not straightforward. Today, direct modulated lasers have
bandwidths up to 25 GHz. Using external modulators the
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modulation bandwidth of an optical system can be extended
to 75 GHz since mm-wave optical modulators and p-i-n
photodiodes up to this frequency are available. But there are
several detrimental effects:

1) Attenuation of the optical signals due to fiber attenuation
and optical splitting makes the application of optical
amplifiers mandatory for large networks. This confines
the operating wavelength to the 1530-1560 nm gain
window of erbium-doped fiber amplifiers.

2) The re-use of existing standard fiber links with chromatic
dispersion D = 17 ps/(nm-km) at A = 1550 nm strongly
limits the link length. Due to the different propagation
times of the contributing spectral components, the result-
ing mm-wave power will be degradated. For example,
even with ideal external optical modulators operating at
a modulation frequency of 30 GHz, the mm-wave power
vanish after a fiber link length of 2.2 km.

3) Fiber nonlinearities are limiting the maximum optical

* power within the fiber. Stimulated Brillouin scattering,
especially, can be a severe limiting factor if tech-
niques are adopted that require narrow linewidth optical
Sources.

Several different approaches for optical generation and dis-
tribution of mm-wave signals have been proposed, e.g., in
[1]-[3]. In order to cope with the limiting dispersion effects,
optical self-heterodyne techniques [4]—as well as other remote
heterodyne coherent schemes using e.g.. phase locking of laser

"signals [5], [6]—should be applied.

In this paper we investigate detrimental dispersion effects in
optical mm-wave systems that use self-heterodyne method for
transport and generation. A single-laser scheme is presented
that uses double sideband modulation with suppressed carrier
[7] at half the mm-wave frequency (e.g. 15 GHz for 30-GHz
transmit frequency) of a conventional distribution feedback
laser [8], [9]. Theoretical and experimental results of sys-
tem degradation due to chromatic- and polarization-dispersion
effects will be given.

1. THE SELE-HETERODYNE METHOD

The block diagram depicted in Fig. 2 presents the principle
setup of the mm-wave link including the dual frequency optical
source providing two optical carriers separated by the desired
mm-wave frequency.

0018-9480/95504.00 © 1995 IEEE
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The output signal of a laser diode emitting at a frequency
V, 1s modulated by a CW-signal with an amplitude d,,, and
with a frequency f,, using a lithium niobate Mach-Zehnder
modulator biased at U,. Therefore, the output signal of the
modulator results to

E(t) =cos 18- g +a- g 'COS(wMt)} -cos(wot) (1)

where § = (Up/Vy) is the normalized bias point of the
modulator, a(= d,,/Vy) is the normalized amplitude of the
drive signal, w,, = 27 f,,, is the modulation angular frequency,
and wy = 27y, is the angular frequency of the optical carrier.
Using Bessel functions this equation can be expanded to

E(t) = Jo <a : g) - cos (5- g) - cos(wot)
_ Jl(a ) %) -sin(ﬁ . g)

x {cos[(wo — wm )t] + cos[(wo + wm )]}

— I (a _) cos (5 )
x {cos[(wo — 2wm )] + cos[(wo + 2w )]} + -+ -
2

N>|>1

For 8 = 1 (i.e. Uy = V) all even terms vanish. In order
to generate two strong carriers next to the optical center
frequency v, with frequency difference Af = 2f,, (i.e. adopt-
ing optical amplitude modulation with suppressed carrier) the
drive signal level has to be adjusted. An optimum operation
point can be achieved by applying a drive signal level of d,,, =
1.2V, corresponding to a normalized modulation amplitude of
o = 1.2. Here, the conversion loss of optical power due to
the modulation is smaller than 1.6 dB (without considering
insertion loss). In experiment the insertion loss have been
measured to be 2 dB.

For data modulation the two optical carriers are separated
by use of a fiber-optic Mach-Zehnder interferometer (MZI)
filter. The fiber delay of the MZI and the frequency difference
Af have to be matched in order to realize a rejection of the
unwanted optical carrier. One of the optical carrier is mod-
ulated by sub-carrier data signal(s) using a second amplitude
modulator biased at V.. Both optical carriers are combined and
the optical power level is increased by an erbium-doped fiber
amplifier. After transport over a fiber to the remote antenna
side the coherent mixing of the carriers generates the mm-wave
signal at frequency A f. The signal is amplified and radiated
into the micro/pico cells.

Due to the applied self-heterodyne technique the mm-wave
show a high spectral purity. Measurements indicate spectral
linewidths smaller than 100 Hz, which are limited by the
spectrum analyser resolution bandwidth.
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Fig. 3. Optical spectrum in front of the p-i-n photodiode. Vertical scale: 5

dB/div., horizontal scale: 0.2 nm/div., resolution bandwidth: 0.1 nm.

A typical optical spectrum in front of the broadband p-i-n
photodiode is shown in Fig. 3. The wavelength separation of
the two carriers is about 0.3 nm according to a frequency
difference of Af = 30 GHz. Here, a drive signal of d,,, =
21.8 dBm (~1.2V};) has been applied. The suppression of the
original optical carrier with respect to the larger side-band
carrier is better than 14 dB. The different power levels of the
two sideband carriers are given by the additional attenuation
of the second amplitude modulator (here: 4.8 dB) as well as
by the choosen data modulation scheme (5 dB). Here, for
data transmission a sub-carrier at 1.5 GHz has been applied.
This modulation concept avoids that the information carrying
mm-wave signals can interfere with other nonnegligible signal
components. ,

III. DISPERSION EFFECTS

In this chapter theoretical and experimental investigations
are presented that document the impact of the- dispersion
effects in the mm-wave fiber link. The properties of the mm-
wave signal and the possible limitation due to the link have
been investigated by use of the experimental set-up shown
in Fig. 2. At the optical source two.carriers separated by 30
GHz have been generated. The two signals are amplified and
launched in a single-mode fiber. At the optical receiver within
a commercial available broadband operating (f, = 40 GHz) p-
i-n photodiode the heterodyne process generates the mm-wave
signal. After down conversion the spectrum of the signal is

analysed. Here, no data transmission signal is applied.

A. Chromatic Dispersion

Because both optical carriers separated by the frequency

difference A f are generated from one single laser with nondis-
appearing linewidth Ay, their phase noise is completely cor-
related. Therefore, there is no broadening of the electrical
carrier due (o the phase noise of the original laser source.
A propagation delay between the optical carriers caused by
chromatic dispersion at the fiber will mean that at the p-i-n
diode the phases of the two optical cartiers are not completely
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correlated, which will lead to a linewidth broadening of
the electrical mm-wave carrier—resulting in a peak power
degradation.

As shown in [10] the total power at the pin photodlode is

* given by

Ppoc 14 cos{[wor + 2nAf(T — )] + &(t) = @(t —7)} B)
where 7 represents a time delay for both optical carriers
separated by a frequency offset of Af and ¢ the rleative
optical phase, respectively.

By calculating the autocorrelation function the power spec-
tral density can be expressed as [10], [11]

TC :
S, ) o 1+ Aw? 73
L] sin(A - |7])
X {1 e 7C {COU(A(U IT|)+ m
+ 7T Tc -85(Aw) 4

with Aw = 27 - (V£ Af).

Th1s result indicates that for a given coherence time 7¢ =
SN A , the signal strength shifts from a delta function peak
(representing the case when both optical carriers are totally
correlated) more and more to a pure Lorentzian shape when
both carriers are completely decorrelated.

For 7 € 7. (i.e. for a low amount of dispersion induced
phase noise) and a data rate Bp < %, the resulting phase
noise can be further reduced by IF filtering [12]. In this case the
system power penalty is mainly given by the mm-wave power
degradation [last term in (4)], which leads to an increased
bit-error rate (BER).

Standard single mode fibers show a chromatic dispersion of
typical D = 17— at an operation wavelength of 1.55 pm.
The theory mtroduced above show that by use of high per-

formance laser (Ar = 1 MHz) as well as by commercially

available laser (Av = 20 MHz) the fiber dispersion effect is
negligible small. For a 30-GHz mm-wave signal transmitting
through a fiber link length of 100 km the chromatic dispersion
will lead to a propagation time delay of 0.41 ns, which will
result in a negligible carrier power degradation of below than
0.25 dB.

B. Phase Noise Induced by Fiber Delay

In the optical source a further decorrelation-inducing effect
can appear: For data modulation the two optical carrier will
be separated. After modulation of one carrier both signals
are recombined. Therefore, the two carriers are transmitted
in different fiber links with a propagation delay inducing a
decorrelation comparable to the chromatic dispersion effect.
In order to quantify the impact of this delay the power
degradation in dependence on a propagation delay 7 has been
measured. Therefore, several pigtailed fiber jumper with a
length up to 12 ‘m (representing a time delay 7 = 60 ns)
has been connected in order to simulate different fiber delays
AL at the carrier separation unit (see Fig. 2). In Fig. 4 the
experimental results as well as the theoretical curves calculated
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Fig. 4. Power degradation of 30-GHz mm-wave signal due to decorrelation
of optical carrier in dependence of propagation delay time 7 for different laser

linewidths (theory: ; experiment: [J).

with (4) are shown. The experimental data are in a good
agreement with the laser linewidth of the master laser, which
is measured to be in the range of Av = 4 MHz. In praxis in
the optical source a fiber delay length difference of AL = 0.05
m will be adjustable, which will result in a power degradation
AP smaller than 0.15 dB.

C. Polarization-Mode Dispersion

It is well known that PMD can be a limiting factor in high
speed, long haul fiber optical communication systems [13],
[14]. Especially in systems where the chromatic dispersion at
the fiber becomes very small, PMD effects can be observed
because of a difference between the propagation delay times
of the two polarization modes in a fiber exist.

Basicially, by the applied technique for optical generation
of mm-wave signals at the photodiode the electrical power of
the mm-wave signal depends on the state of polarization of
the two field components with respect to each other. Due to
PMD in the fiber given by the differential group delay Ar
the two optical carriers have different states of polarization
at the pin diode. The polarization mismatch induces a power
degradation of the mm-wave signal at the receiver, which leads
to an increase of the BER.

In [15] for the first time experimental and theoretical re-
sults concerning the influence of polarization-mode dispersion
(PMD) in an advanced fiber-optic supported mm-wave system
have been presented. A theoretical approach for calculation the
power penalty due to PMD has been confirmed by experimen-
tal results at 60 GHz using a high-birefrigence single-mode
fiber (PANDA-type) showing an extremely high PMD effect.

Based on [15] and considering the general case it can be
shown that the power penalty AP due to a PMD A7 at the
fiber link is given by

AP(L.w, AT)
= 10 10g | LELO)H 0 (H(AT) (1 - f(v))}
for A7 > 0,L > 0,
0<~<1 (5)
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with f(7y) = cos[4-arccos(\/7)], k(AT, L) =7-Af-A7-L, L
the fiber link length and A7 the actual value of PMD. The
parameter ~y represents the power splitting ratio of the signal
light at the fiber link input port with respect to the prinzipal
axes. :

In Fig. 5 the power penalty AP for a mm-wave signal at
Af = 30 GHz in dependence of the PMD value A7 of the
fiber (I, = 10 km) and the splitting factor «y is shown. For v =
0.5 the worst case of power penalty exists. Here, at a PMD of

m

AT = 3TAS

(m=1,3,5,...) (6)

the mm-wave power vanishes. representing the case when both
optical fields are in a state of polarization orthogonal to each
other.

At realistic transmission systems in long standard single-
mode fibers (e.g. full installed submarine or terrestrial cable)
the PMD value varies randomly with time and wavelength.
For example, temperature effects cause changes in the actual
birefrigence in the fiber, which results in random polarization
mode coupling. Therefore, a more detailed analysis of the
impact of PMD in the mm-wave system should consider the
statistical variation of the PMD values.

The statistics of the actual PMD value A7 [16] varies with
a Maxwellian probability distribution function

32-A7° (-2(25))
2ASS T @

]V[(AT, AT]\[) =

which is determined by mean value Ary;.
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Furthermore, there are random variations of the actual angle
of incident of the linear polarized lightwaves launched into the
- fiber link with respect of the fiber main axes. This effect can
be described by an uniform probability distribution of power
splitting -~y in the main axes.

As shown jn the lower traces of Fig. 5 the parameter AT
and ~y span a plane for the power degradation, which can be
used in order to calculate the cumulative probability

Pr(AP > Py) = // M, Arag)dr' - dy
AP(L7T/7’Y) 2 F. v ' (®)

Pr(AP > Fy) represent a mm-wave system quality parameter
that describes the probability of getting a penalty larger than
Py in dependence of the fiber length L and the given PMD
mean value Aryy, respectively.

In-Fig. 6 the cumulative probability in dependence on
several PMD mean values are shown. For our calculations we
assume a fiber link length of 10 km, which will be sufficient for
future mm-wave systems, like, e.g., information distribution
systems. Ay vary between moderate values of 0.25 ps//km
up to high values of 0.75 ps/y/km. For full installed fiber cables
PMD values smaller than 0.5 ps/y/km can be expected.

For the design of radio links operating at 30 GHz, with,
e.g. outage due to rain fading, a system availability of 99.99%
(prob = 10™%) is sufficient, representing an outage up to 1 hour
per year. With the same probability a power penalty larger than
0.74 dB caused by a fiber with a PMD mean value of A7y =
0.5 ps/y/km can be expected.

Based on the considerations in Fig. 7, the system margin
needed to compensate for the PMD effects in future fiber
supported mm-wave systems are depicted for mm-wave fre-
quencies of 30 and 60 GHz, respectively. The overall results

of these theoretical investigations will be that for mm-wave -

frequencies up to 60 GHz region and for fiber links showing
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T T

moderate mean values up to fiber length of 20 km the PMD
in fiber-supported mm-wave systems leads to an acceptable
power penalty of AP < 2 dB.

IV. APPLICATIONS

The potential application area of the fiber-optic mm-wave
technology in broadcasting high capacity information at any
desired mm-wave frequency up to >100 GHz has been demon-
strated with a feasibility experiment [17]. The building blocks

-are shown in Fig. 8. The self-heterodyne method for gen-

eration and transport enabled to distribute a 36° GHz-140
Mbt/s-DPSK modulated mm-wave signal over a fiber link of
25 km to more than 16000 base-stations. After free-space
transmission, demodulation, and detection neither degradation
nor limitation due to dispersion has been observed down to
BER of 1079, ‘ ,
In order to demonstrate the performance of the used self-
heterodyne method for bi-directional applications, a full duplex
mm-wave transmission experiment has been (Fig. 9) carried
out within the RACE project R2005 MODAL An optical
30-GHz mm-wave link at a wavelength of 1550 nm has
been extended by an optical 1.8-GHz microwave return path
operating at 1300 nm. At the central station one of the
two optical carriers with frequency difference of 30 GHz is
amplitude modulated by a 1.5-GHz-2 Mbt/s-ASK subcarrier
signal. After transmission over a 12-km-long single-mode
fiber the signals mix on the p-i-n photodiode and generate
a mm-wave carrier together with sidebands that correspond
to the modulating subcarrier at the base station. An amplifier
integrated with the p-i-n photodiode is followed by a diplexer
that allow separate selection of one of the sidebands and
of the unmodulated 30-GHz mm-wave carrier. The selected
sideband (31.5 GHz) is amplified and radiated using a horn
antenna. - : ‘
After free-space transmission, a transposer is used in order
to-down convert the 31.5 GHz to 28.2 GHz. The resulting
return signal from the transposer, which is received by a
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separate Rx antenna, is amplified and mixed with the recovered
30-GHz carrier in order to downconvert it to 1.8 GHz. This IF
signal is amplified and used to modulate the laser of the return
link. The same fiber as used for down transmission supports
the return link to the base station by means of WDM couplers.
The result of a bit-error-rate (BER) meastrement indicates that
there is no BER-floor due to dispersion effects down to 1077,

V. CONCLUSION

The impact of detrimental effects due to chromatic dis-
persion and polarization-mode dispersion (PMD) on systems
applying the self-heterodyne method for generation and trans-
port of mm-wave signals has been investigated. The power
degradation due to the chromatic dispersion in conjunction
with non negligible phase noise of the optical carriers was
found to be moderate low (j0.5 dB) for high capacity long
havl mm-wave systems (140 Mbt/s, 100 km).

signal

/ Transposer

Signal

k

It is shown that PMD has a significant effect on the system
performance. Based on the statistical behavior of the resulting
polarization states at the output of the fiber, an analytical
expression has been derived for the cumulative probability
function of the resulting power penalty. It was found that
for a permissible outage time of less than 1 hour per year
and a fiber length of L = 20 km, a system margin of 2
dB is sufficent for a mean PMD of 0.25 psy/km . Finally,
two system experiments have been presented using ASK and
DPSK modulation schemes. Here, no limitation due to the
dispersion effects could be observed.
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