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Chromatic Dispersion in Fiber-Optic
Microwave and Millimeter-Wave Links

U. Gliese, S. Ngrskov, and T. N. Nielsen

Abstract— The influence of chromatic fiber-dispersion on the
transmission distance of fiber-optic microwave and millimeter-
wave links is analyzed and discussed in this paper. It is shown
that dispersion significantly limits the transmission distance in
intensity modulated direct detection links operating in the above
20 GHz frequency region by inducing a carrier to noise penalty on
the transmitted signal. At 60 GHz, a 1 dB penalty is induced after
less than 500 m transmission over standard single-mode fiber with
a dispersion of 17 ps/km - nmn and the signal is completely extinct
after 1 km. In remote heterodyne detection links, the dispersion
induces both a carrier to noise penalty and a phase noise increase
on the transmitted signal. It is shown, however, that the induced
carrier to noise penalty is insignificant. At 60 GHz, the induced
penalty is less than 0.3 dB after 100 km transmission. The phase
noise increase proves more dominant. At 60 GHz, a 150 Mbit/s
QPSK signal is limited to around 10 km of transmission.

I. INTRODUCTION

IBER-OPTIC microwave and millimeter-wave (MW)

links, which are subject to a still increasing interest,
can be implemented either by the use of direct detection
(DD) techniques or remote heterodyne detection (RHD)
techniques.! Many such links have been proposed, analyzed,
and experimented. In the DD-links, the MW-signal is intensity
modulated onto the optical carrier from a laser. The optical
signal is then transmitted through the optical fiber, and the
MW-signal is recovered by DD in a photo-diode. In the RHD-
links, two phase correlated optical carriers are generated, in a
dual-frequency laser transmitter, with a frequency offset equal
to the desired MW-frequency. Further, one of the optical
carriers is modulated by the information to be contained
in the MW-signal. Both optical signals are then transmitted
through the optical fiber, and the MW-signal is generated
by heterodyning of the two optical signals in a photo-diode.
In both approaches the chromatic fiber-dispersion becomes
a limiting factor for the transmission distance when the
microwave signals are in the above 20 GHz regime.

The effect of chromatic dispersion is well described for
both DD and coherent optical communication systems for
transmission of digital baseband signals (see [1], [2] and
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! Conventional heterodyne detection proves difficult unless lasers with very
low phase noise are employed.

references herein). It has, however, not yet been fully treated
for neither DD nor RHD fiber-optic MW-links. In the DD-
links, the dispersion results in a carrier to noise (C/N) penalty
on the MW-signal due to phase distortion of the modulation
side bands relative to the carrier of the optical signal. In the
RHD-links, it results in a C/N penalty as well as an increase of
the phase noise on the MW-signal, both due to decorrelation
of the two transmitted optical carriers. Further, the two optical
carriers often propagate separate paths in the dual-frequency
laser transmitter of RHD-links before they are injected into
the same fiber. This also introduces signal decorrelation if
the paths are not perfectly balanced. The C/N penalty in
RHD-links has been treated previously [3], but the dispersion
induced phase noise has not yet been investigated.

In this paper we analyze and discuss the dispersion induced
C/N penalty for DD-links as well as the dispersion induced
C/N penalty and phase noise for RHD-links. Further, we
analyze and discuss the influence of path imbalance in the
dual-frequency laser transmitters of RHD-links.

The paper is organized as follows: after this introduction,
the principle of fiber-optic MW-links based on DD and the
influence of chromatic dispersion in these types of links are
described in Section II. The same aspects are described in
Section 1II for links based on RHD together with the influence
of transmitter path-imbalance. Finally, conclusions are drawn
in Section IV.

II. DIRECT DETECTION LINKS

Chromatic fiber-dispersion has a significant influence on the
obtainable transmission distance in intensity modulated direct
detection (IM-DD) fiber-optic MW-links where the MW-signal
(or signal set) is in the above 20 GHz range. The principle of
such links is shown in Fig. 1, where i, (t) is the input MW-
signal that is subcarrier modulated onto the optical carrier by
electro-optic (E/O) intensity modulation. The resulting optical
signal, yin(t), is transmitted through the fiber to the receiver
end. Here, the MW-signal is recovered from the transmitted
optical signal, yout(t), by opto-electric (O/E) direct detection,
resulting in the signal z,u(¢) that ideally equals the input
signal z;,(¢). However, due to loss, nonlinearities in the E/O-
O/E process and fiber-dispersion, this is not the case. The
influence of the chromatic fiber-dispersion is described in the
following.

In an IM-DD link, the MW-signal is carried as a lower and
an upper side band on the optical carrier. Due to the dispersion
and the large frequency offset between the side bands and the
optical carrier. the phase of each of the spectral components
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Fig. 1. Principle of intensity modulated direct detection fiber-optic
MW-links.

of the transmitted optical signal, yo,u:(t), has experienced a
differential change. After detection, this results in a power
reduction of the recovered MW-signal, Zo,(¢), and thereby a
decrease of its carrier to noise ratio (C/N).

To evaluate the dispersion induced C/N penalty, the fiber is
modeled as a band-pass filter, cf. Fig. 1, with flat amplitude
response and linear group delay. It can be shown that the
low-pass equivalent transfer function of the fiber is given by

[1] |
H(f) = exp90) = expiof® W

where
)\2
a= WD?L 2

and f is the offset frequency from the optical carrier. Further,
D is the chromatic dispersion, A is the optical wavelength,
c is the speed of light in vacuum and L is the length of the
fiber. The optical signal at the output of the fiber, yout (), is
then given by

}/;)ut(f) = Kn(f)H(f) (3)

where Y, (f) and Yi,(f) are the Fourier transforms of 444 (t)
and y;,(t), respectively, given by

Yout(f) = / " Yout(t)exp /2™t ()
Yin(f) = /Oo Yin(t)exp 92t (5)

In the receiver, the MW-signal is recovered by square law
detection of the optical signal and is thus given by

Tout () = [Your ()] (6)
with a spectrum given by
Xout(f) = / xout(t)exp_j%ﬂdt. (7)

The dispersion induced C/N penalty, on the recovered MW-
signal with the carrier frequency f, is found by comparing the
signal power of X,ut(f.) with and without fiber transmission,
respectively

Xout(fc) no fiber 2
Xout (fc)ﬁber

In this paper, the dispersion induced C/N penalty is inves-
tigated for an unmodulated MW-carrier given as

ZTin(t) = sin(27 fot) )

Penaltyo,n = 10log (®)
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Fig. 2. Dispersion induced C/N penalty as a function of transmission
distance for a wavelength of 1550 nm, a chromatic fiber-dispersion of
17 ps/km- nm and a carrier frequency of 30 GHz.

where f. is.the frequency of the MW-carrier. The optical
carrier is IM by this input signal resulting in an optical signal
with the electrical field of

Yin(t) = /T + sin(2r fot) exp?2fortt

where fop¢ is the frequency of the optical carrier.

As shown in Fig. 2, for a MW-carrier of 30 GHz, the
dispersion results in a significant decrease of the C/N as the -
transmission distance is increased. This severely limits the
obtainable transmission distance in IM-DD fiber-optic MW-
links. A complete extinction of the recovered MW-carrier
occurs when the phases of the lower and upper side band are 7
out of phase. This is the case when the phase, af?, of H(f)
given by (1) has introduced a change of w/2 on each side
band relative to the optical carrier. The transmission distance
at which the first complete extinction occurs is found from
(2) as

(10)

L for af? = —.

2" an

_ ¢
T 2DA2f2
For a MW-carrier at 30 GHz transmitted on an optical carrier
at a wavelength of 1550 nm over a standard single-mode fiber
with a chromatic dispersion of 17 ps/km - nm, this occurs for
a transmission distance of 4.08 km. Further, from Fig. 3, it is
seen that the dispersion effect exhibits a cyclic behavior. The
period length is found from (2) as

AL =

for af? = 7. (12)

¢
DA2f2
The periodicity can, as an example, be used to measure
chromatic fiber-dispersion in a simple manner but with good
accuracy [4].

The amount of dispersion induced C/N penalty that is
tolerable in any given link naturally depends on the required
link budget and the available margin in each specific case. To
generalize the transmission distance investigation, however,
a dispersion induced C/N penalty of 1 dB is chosen as
acceptable. This value ensures a minimal influence of the
dispersion on the entire system performance in terms of C/N.
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Fig. 3. Dispersion induced C/N penalty as a function of transmission dis-
tance for a wavelength of 1550 nm and a chromatic fiber-dispersion of 17
ps/km - nm and with the carrier frequency as parameter.
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Fig. 4. Obtainable transmission distance as a function of chromatic
fiber-dispersion at a wavelength of 1550 nm for a 1 dB dispersion induced
C/N penalty and with the carrier frequency as parameter.

The dependance of transmission distance on chromatic
fiber-dispersion and MW-carrier frequency is shown in Fig. 4
and Fig. 5, respectively. It is seen that the distance has
a 1/D dependance on dispersion and a 1/f2 dependance
on carrier frequency. An increase in either dispersion or
carrier frequency, therefore, significantly limits the obtainable
transmission distance.

It is also seen that the performance can be drastically
increased by the use of dispersion shifted fibers. However, for
low dispersion values, the tolerance placed on the dispersion is
very stringent as a change of a few ps/km nm easily results in a
halving of the transmission distance. Although, the dispersion
of the fiber is not likely to change significantly, the relative
change in dispersion will increase as the dispersion of the fiber
decreases. Therefore, in systems applying dispersion shifted
fibers this aspect must be carefully considered.

III. REMOTE HETERODYNE DETECTION LINKS

All fiber-optic MW-links using RHD are based on the fiber-
optic transmission of two phase-correlated optical signals, at
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Fig. 5. Obtainable transmission distance as a function of carrier frequency
at a wavelength of 1550 nm for a 1 dB dispersion induced C/N penalty and
with the chromatic fiber-dispersion as parameter.

frequencies f; and fs, that are offset by the desired MW-
carrier- frequency f.. The dual-frequency laser transmitters
that are required in these links can be implemented in various
ways. A number of different concepts have been proposed and
investigated for the fiber-optic transmission and distribution
of MW-signals.

1) Dual mode lasers where the two optical signals are
generated from two different oscillation modes in a
master laser [5].

2) Optical frequency shifting where the two optical signals
are generated by:

—splitting a master laser signal in two and frequency
shifting one part [6], [7];

—single side-band (SSB) modulation of a master laser
signal [8], [9];

—suppressed carrier double side-band (DSB) modulation
of a master laser signal [10], [11].

3) Optical offset injection locking where the two optical
signals are generated by injection locking of:
—two slave lasers by a master laser [12];
—one slave laser by a master laser [13].

4) Optical offset phase locking where the two optical
signals are generated by phase locking of a slave laser
to a master laser [14]-[21].

A general schematic of the RHD-principle is shown in
Fig. 6. With all of the above transmitter concepts, both of
the phase-correlated optical signals are phase-equal with the
signal from the master laser. For a perfect transmission with-
out influence of the fiber or other optical devices, the two
optical signals are also phase-correlated at the remote O/E-
detector (photo-diode) where the heterodyning takes place.
Consequently, the resulting beat signal is a highly pure MW-
carrier at fe.

However, due to chromatic fiber-dispersion, the two optical
signals experience a differential propagation delay, A7g;sp, as
they travel the fiber. Furthermore, if the two optical signals,
before they are injected into the same fiber, propagate separate
paths that are not perfectly balanced, they also experience a
differential propagation delay, ATpa¢n. The sum differential
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Fig. 6. Principle of remote heterodyne detection fiber-optic MW-links.

propagation delay, given by

AT = IATdiSp + ATpath| (13)
results in a state of partial phase decorrelation. The amount
of decorrelation, and thus the increase in phase noise on
the remotely generated MW-carrier, depends, as illustrated in
Fig. 6, on the introduced amount of differential delay.
Assuming that the master laser, from which the two phase-
correlated optical signals are derived, in the dual-frequency
laser transmitter of the link, has a Lorentzian shaped power
spectrum, the SSB power spectral density of the MW-signal at
the output of the O/E-detector of Fig. 6 is given by [22], [23]

S(f) = 6(f) exp(—2n Avy AT)

+ Avy,
m{(Avm)? + f?}

. [1 — exp(— 2 Av AT)

-{cos(27rfAT) + A;m

sin(27rfAT)}} (14)
where f is the offset from the MW-carrier and Avy, is the
full width half maximum (FWHM) linewidth of the power
spectrum of the master laser signal. For a small differential
delay (A7 =~ 0), the two optical signals remain correlated and
the resulting beat spectrum is a delta function, as illustrated in
Fig. 6, given by the first term of (14). At the other extreme,
for a very large differential delay, the two optical signals
get completely decorrelated. The beat spectrum then becomes
Lorentzian shaped given by the second term of (14) and with
a linewidth of 2 - Av,,. At intermediate values of AT, the
beat spectrum is a combination of a delta function and a sinc
shaped spectrum with spectral zeros spaced by 1/Ar.

Perfect
correlation
At=0
fe=lhiAl
== O/E [—»

Partial
de-correlation
At>0

T

/AT
Complete
de-correlation
At=o00

2Av,

As seen from (14), the decorrelation results in both a
decrease of the C/N (first term) and an increase of the phase
noise (second term). These two effects are closely related as
the decrease in signal power (and thereby C/N) is due to the
increase of phase noise power at all offset frequencies. Both
effects must, however, be considered and treated separately, as
they may both result in limitations on the allowable differential
delay or, in other words, on the obtainable transmission
distance.

The delay induced C/N penalty is found from the first term
of (14) as

1
PenaltyC/N =10 log<m) . (15)

As seen from Fig. 7, where the delay induced C/N penalty is
shown as a function of the differential delay with the master
laser linewidth as parameter, only a small C/N penaliy is
induced even for large differential delays and wide master
laser linewidths.

The phase noise of the MW beat signal is best investigated
by considering the phase fluctuation spectrum, S, (f), rather
than the power spectrum of (14). From the above, it is clear
that the delay introduces differential phase fluctuations on
the MW-signal. These are expressed from the master laser
frequency fluctuation spectrum, S¢(f)m, as [24]

Sf (f )m
2
If the master laser has a Lorentzian power spectral shape, then

(16) simplifies to

S (f)detay =

(16)

S(f)delay = 2 - {1 — cos(2n fAT)}.

2Av,
7w f?
This spectrum is shown in Fig. 8 as a function of frequency

off the carrier with the differential delay as parameter. The
1/ f? shape resulting from the Lorentzian power spectral shape

{1 = cos(2m fAT)}. amn
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Fig. 7. Delay induced C/N penalty as a function of differential delay with
the master laser linewidth as parameter.

is clearly identified for an infinite differential delay. Further,
the sinc shape is clearly seen for intermediate values of the
differential delay. Finally, for values in the range below a few
hundreds of pico seconds, it is seen that the distribution of
the phase noise versus frequency is quite uniform due to the
long distance between spectral zeros of the sinc. This indicates
that, a significant amount of the delay induced phase noise will
be removed by the filtering performed in any MW-receiver
[16]. Therefore, this filtering must be taken into account when
calculating the exact amount of delay induced phase noise.

The phase noise is expressed as rms phase error o4 or as.

phase variance (0,)? given by

Bn
(0o = [ 2o (1 = cos(zm )}

~ QWAVmBn(AT)Z for B, < —1—
AT

where B, is the MW-receiver noise bandwidth. As shown in
Fig. 9, the delay induced rms phase error has been calculated
from (18) as a function of the differential delay with the
master laser linewidth times the receiver noise bandwidth
as parameter. It is seen that the delay induced rms phase
error increases as the differential delay increases. Further,
an increase in either master laser linewidth or receiver noise
bandwidth also cause an increase of the rms phase error.

The first part of the differential delay in (13) is due to
chromatic fiber-dispersion and depends on the transmission
distance, L, the wavelength A, the frequency offset, f. (the
MW-carrier frequency), between the two optical signals and
the fiber-dispersion, D. This part constitutes the delay ref-
erence and is therefore always taken as positive. It is given
by

€3y

/\2
ATdisp =D-L. —c— . fc. (19)

The other part, the path imbalance delay, is present, if the two
optical signals at any time propagate different paths. This is
often the case in the transmitter of RHD-links. The delay due
to difference in path length is given by

ALpauth - n

A'Tpath == c

(20
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Fig. 8. Phase fluctuation spectral density of the remote heterodyne beat
signal with the differential delay as parameter for a master laser linewidth
of 1 MHz.

where ALy, is the difference in path length and n is the
refractive index of the device material. The sign of the path
imbalance delay depends on whether it works in the same
or the opposite direction as the dispersion induced delay.
This naturally depends on how the two optical signals, at-
frequencies f; and f5, are delayed to one another by the path
imbalance in relation to how they are delayed to one another
by the dispersion.

The sum differential delay, (13), is shown in Fig. 10 as a
function of the transmission distance times the MW-carrier
frequency with the path imbalance delay as parameter for
a wavelength of 1550 nm and a chromatic fiber-dispersion
of 17 ps/km-nm. Results for other values of the dispersion
are easily read from the curves as well, because the delay
and the dispersion have a one to one dependency. It is
seen that the delay increases with both distance and carrier
frequency. Obviously, dispersion shifted fibers can be used to
reduce the dispersion induced delay and thereby the dispersion
induced rms phase error. Further, it is seen, that a positive
path imbalance delay contributes a delay floot equal to its
value. In contrast, a negative path imbalance delay brings the
sum differential delay to zero for one distinct combination of
transmission distance and carrier frequency. Consequently the
path imbalance delay can be used to compensate the dispersion
induced delay for a fixed distance times carrier frequency
product.

The total delay induced rms phase error on the MW-carrier,
after receiver filtering, is found from a knowledge of trans-
mission distance, carrier frequency, wavelength, dispersion,
path imbalance delay, master laser linewidth and receiver
bandwidth by use of Figs. 9 and 10.

To investigate the influence of the delay induced rms phase
error it is necessary to know the allowable rms phase error in
the different types of MW-systems for which the signals are
to be transmitted over the fiber-optic link. This is investigated
for M-ary PSK MW-systems by calculating the rms phase
errors that introduces a 1 dB sensitivity penalty at a 107°
bit error rate (BER) using the formulas of Appendix A. The
results of these calculations are listed in Table I. Most often,
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TABLE I
THE ALLOWABLE RMS PHASE ERROR FOR DIFFERENT. TYPES OF MICROWAVE SYSTEMS
Type of system Allowable rms phase error
1 dB penalty at a 10=7 BER | Typical | 10% of typical
PSK 11.4° 8.2° 0.82°
QPSK 3.9° 2.8° 0.28°
8PSK 1.8° 1.3° 0.13°
16PSK 1.2° 0.9° 0.09°
10.000 ~ 10000
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Fig. 9. Delay induced rms phase errof as a function of the differential  Fig. 11. The masterlaser linewidth times the receiver noise bandwidth as

delay with the master laser linewidth times the receiver noise bandwidth as
parameter.
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Fig. 10. Differential delay as a function of transmission distance times the
MW-frequency with the path imbalance delay as parameter for a wavelength
of 1550 nm and a chromatic fiber dispersion of 17 ps/km - nm.

however, the total allowable rms phase errors are somewhat
lower. Therefore, the total rms phase errors, that are typically
allowed in standard MW-receivers are shown as well. The
typical values are based on the Intelsat specifications for a
QPSK system, allowing maximum 2.8° [25]. The values for
PSK, 8PSK, and 16PSK are extrapolated from this value using
the ratios between the values for the 1 dB penalty case. As
the values allowed in standard systems are maximum values
incorporating all phase noise sources, the acceptable delay
induced rms phase error should only constitute a fraction of
these. In this paper, an acceptable value is chosen as 10% of
the values required in standard MW-systems.

a function of the transmission distance times carrier frequency for different
types of systems, and for a wavelength of 1550 nm and a chromatic fiber
dispersion of 17 ps/km - nm.
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Fig. 12. The masterlaser linewidth times the receiver noise bandwidth as a
function of the transmission distance times carrier frequency for a QPSK
system with the path imbalance delay as parameter for a wavelength of
1550 nm and a chromatic fiber dispersion of 17 ps/km - nm.

As seen from (18), the delay induced rms phase error
depends on the master laser linewidth, the MW-receiver noise
bandwidth and the sum differential delay, (13). The latter is
composed of a dispersion induced delay, (19), that depends
on the transmission distance and the MW carrier frequency,
and a path imbalance delay, (20). Based on the 10% values
of Table I, the master laser linewidth times the MW-receiver
noise bandwidth is shown as a function of the transmission
distance times carrier frequency product in Fig. 11. It is
seen that the obtainable transmission distance times carrier
frequency product decreases as the master laser linewidth
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or the MW-receiver noise bandwidth increases. The curves
are used to determine the obtainable transmission distance
times carrier frequency for a given master laser linewidth and
MW-receiver noise bandwidth of different systems. If, as an
example, a 150 Mbit/s QPSK MW-signal, which has a single
sided noise bandwidth of 45 MHz [25], is transmitted over a
RHD fiber-optic link using a master laser with a linewidth of
10 MHz, then the obtainable distance times carrier frequency
product is 640 km - GHz, e.g., a transmission distance of
approximately 10 km for a carrier frequency of 60 GHz. The
distance is increased to approximately 30 km by reducing the
master laser linewidth to 1 MHz. In both cases it is found
from Fig. 7 that the delay induced C/N penalty is well below
a tenth of a dB.

From the above, it is seen that, even for wide bandwidth
systems at high carrier frequencies, it is possible to transmit
over long fiber-distances with RHD-links using master lasers
with linewidths in the 1-10 MHz range.

As shown in Fig. 12 for a QPSK system. the situation
can be improved or worsened by the presence of a path
imbalance delay depending on whether it counteracts (negative
path imbalance delay) the dispersion induced delay or not,
respectively. For small values of the distance times carrier
frequency product, the dispersion induced delay is close to
zero. A negative or positive path imbalance delay therefore
limits the linewidth times receiver bandwidth product. As the
distance times carrier frequency product increases, the absolute
value of the positive dispersion induced delay increases toward
the absolute value of the negative path imbalance delay. This
eventually results in a sum differential delay of zero at a
given distance times carrier frequency product. At this point
there is, consequently, no limit on the linewidth times MW-
receiver bandwidth product. When the dispersion induced
delay increases further, the sum delay begins to increase,
and the linewidth or the MW-receiver bandwidth has to be
reduced. A negative path imbalance delay can thus be applied,
in the transmitter of RHD-links, to reduce the dispersion
induced rms phase error around a fixed distance times carrier
frequency product. In this case, however, the rms phase error
will increase if the product is lowered.

IV. CONCLUSION

In this paper we have shown that chromatic fiber-dispersion
puts a limit on the obtainable transmission distance in both
IM-DD and RHD fiber-optic MW-links.

In the DD-links, the dispersion results in a carrier to noise
(C/N) penalty on the MW-signal due to phase distortion of
the modulation side bands relative to the carrier of the optical
signal. This effect is independent of the modulation format of
the MW-signal as well as on the laser linewidth, and, therefore
apply equally for any type of MW-signal. For links operating
above 20 GHz, the dispersion induced C/N penalty becomes
significant even after short transmission distances. At 60 GHz,
a 1 dB penalty is induced after 500 m transmission over
standard single-mode fiber with a dispersion of 17 ps/km - nm
and the signal is completely extinct after 1 km. Reducing
the dispersion improves the situation on a one to one scale.
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However, as the dispersion is reduced, the induced penalty
becomes more sensitive to fluctuations in dispersion as the
relative change in dispersion will increase as the dispersion
of the fiber decreases. In systems applying dispersion shifted
fibers, this aspect must be carefully considered.

In the RHD-links, the dispersion results in a C/N penalty as
well as an increase of the phase noise on the MW-signal, both
due to decorrelation of the two transmitted optical carriers.
The C/N penalty effect is, as in the direct link, independent of
the modulation format of the MW-signal, and, therefore also
apply equally for any type of MW-signal. The effect, however,
is dependant on the master laser linewidth. It has been shown
that the induced carrier to noise penalty is insignificant. At
60 GHz, the induced penalty is less than 0.3 dB after 100 km
transmission over standard single-mode fiber with a dispersion
of 17 ps/km -nm even for a master laser linewidth as wide as
10 MHz.

The phase noise increase proves much more dominant. At
60 GHz, a 150 Mbit/s QPSK signal is limited to around
10 km of transmission over standard single-mode fiber with
a dispersion of 17 ps/km-nm for a master laser linewidth of
10 MHz. A tenfold reduction of the linewidth to 1 MHz allows
for a threefold increase in transmission distance to 30 km.
In general M-ary PSK signals with a low value of M are
less affected and those with a high value of M are more
affected. With a laser linewidth of 10 MHz, a 150 Mbit/s
PSK signal at 60 GHz is limited to 20 km. and a 150 Mbit/s
16PSK signal is limited to 5 km. Still the limitation is far
less significant than for DD-links, and it is seen that it is
possible to transmit over quite long distances with RHD-
links using master lasers with linewidths in the 1-10 MHz
range. Further, the dispersion induced phase noise can be
reduced if the two optical signals, in the transmitter, propagate
separate paths with a path imbalance delay that counteracts the
dispersion induced delay. It must, however, be noted that the
reduction only applies around a fixed value of transmission
distance times carrier frequency. Great care must, therefore, be
exercised in designing the dual-frequency laser transmitters of
RHD-links.

In conclusion, both direct detection and remote heterodyne
detection fiber-optic microwave and millimeter-wave links are
limited in transmission distance by chromatic fiber-dispersion
when operating in the above 20 GHz range. The effect in DD-
links is severe whereas it is tolerable in RHD-links. Further,
in RHD-links, the dispersion effect can be compensated by the
use of separated signal paths in the transmitters of the links.

APPENDIX A
BER IN M-ARY PSK MICROWAVE SYSTEMS

In this Appendix we give equations for the bit error rate
(BER) in M-ary PSK MW-systems. The equations take into
account the phase noise as well as the additive noise.

A symbol decision error is made in the receiver of the
system if noise-additive Gaussian noise and carrier phase
noise-causes the phase of the received symbol to fall outside
the range —7/M < ¢ < w/M relative to its ideal value.
By weighing the magnitude of the mean phase error by its
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probability we obtain the symbol error probability

M-1
Pym=1-Y_ P4 /
k=0

—n/M

+n/M

p(¢)- @1

The interval between two nearby phase states for an M-ary
PSK signal equals A¢ = 27/M. It is easily seen, that the
probability of a phase change of k - A¢ during a symbol
transition is given by

Pragluce = o)

Praglizo =

The pdf of ¢ depends on the additive noise as well as the
residual phase noise of the optically generated MW-carrier.
The pdf of ¢ for the additive Gaussian noise is given by [26]

exp™ Y

pi(¢) = .

14 +/2vcos¢- exp”cosz ¢

V2ycos ¢ .
/ exp~® /% dx

— 00

(23)

where -~y is the carrier to noise ratio (C/N) of the M-ary PSK
carrier signal.

For simplicity we assume the phase noise to have a Gaussian
pdf given by

1 T 207

= ———eX ¢ 24
p2(¢) oovam P (24)
where o4 is the rms phase error. Since p;(¢) and p2(4$) are
independent random processes their joint pdf, p(¢) is given
by their convolution

+7
p() = / p(2)pa($ — 2)d. (25)

-7

Assuming that a Gray code is used for the symbol mapping
and that the noise is sufficiently low so that a symbol error
only results in a single bit error we obtain the bit error rate by

P,
BER = /2 | (26)
logy (M)
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