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ABSTRACT

A number of military applications require ad-hoc wireless communication and
networking systems that employ low phase noise reference signals for up- and down-
conversion of communication signals and further processing of data signals. High
performance fiber optic link s are important for distribution of signals while phase noise
degradation induced by AM-PM conversion in fiberoptic links impacts phase coherency
of local oscillator (LO) signals in distributed systems. This paper focuses on issues
associated with directly and externally modulated fiber optic links and their performance
limitations in terms of gain, noise figure, nonlinearity, and dynamic range. The
performance-cost aspects of both types of links are compared and it is pointed out that
directly modulated links meet performance-cost requirements in most applications.
Analysis of phase noise degradation of frequency reference is presented for directly
modulated fiber optic distribution networks. SRS induced fiber nonlinearity is also
discussed. Since the response of a Fabry-Perot laser diode can be altered by adding an
external feedback, resulting in a resonance peak, results of a monolithically integrated FP
laser are discussed. Finally, opto-electronic mixing of IF and LO signals are also
demonstrated for the mode-locked case.

1.0. INTRODUCTION

Recently a lot of efforts has been directed toward increase in global
interconnectivity through electronic media and many market studies has identified a
significant increase in demand for personal communication services in the 21' century.
One of the most important proponents of this market is in the inter-office communication,
where the high-speed fiberoptic local area networks (LAN) are combined with wireless
communication to provide interconnectivity among many users.

Conceptual system architecture of a hybrid wireless and fiber optic LAN with
applications to both civilian and military systems is shown in Fig. 1. In this figure,
personal computers (PC) are networked together through this hybrid wireless and
fiberoptic networks. The digital data from the PC is up-converted by a millimeter wave
(MMW) stable carrier and is then radiated by a low cost omni-directional antenna. The
modulated received RF signal is then down-converted to the coded digital signals using
the same stabilized MMW local oscillator (LO). The coded digital signal is then
networked to other users through a high-speed fiberoptic network. The fiber-optic LAN is
envisioned to operate either in analog format or digital data rates well above Gb/s.

An important component of a reliable inter-office communication for the portable
PC is the use of the low power consuming frequency translation circuits, which up- and
down-converts the information without any degradation in the its spectral purity.
Frequency stability of the local oscillators used in the MMW wireless communication,
and the clock recovery circuits used in the decision circuits, are critical in accurate data
retrieval.

Paper presented at the RTO SET Lecture Series on "Optics Microw vave Interactions", held in
Jouy en Josas, France, 2-3 September 2002; Duisburg, Germnanv, 5-6 September 2002;

Budapest, Hungaor, 9-10 September 2002, and published in RTO-EN-028.
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This paper first reviews the performance of directly and externally modulated
fiber optic links. First analytical expressions are presented for gain, noise figure, and
dynamic range and sources of phase noise degradation in directly and externally
modulated FO links are presented. Cost and reliability performance of fiberoptic links in
harsh military environment is also reviewed. Next performance of a long F-P laser
structure that is monolithically integrated with electro-absorption modulator is reviewed
where efficient transmission of data and carrier signals with high SFDR and low phase
noise degradation are achieved.

Tp'dow up/dow

BNldn iW1tC x O-)~A MI
[I"''r

Buildinn 3

Fig. 1. Conceptual diagram of hybridfiberoptic and wireless local area distributed network system.
( ====Optical fiber distribution, --. electrical distribution, "-v free space distribution).

2.0. FO LINK PERFORMANCE

Fiber optic (FO) links are employed for distribution of frequency reference as
well data communications in distributed systems, where these links need to provide RF

signals with high dynamic range and low phase noise degradation. The FO link gain and
noise performance will impact signal to noise performance, while the nonlinearity of
various elements in the optical system will contribute to a limited dynamic range. The
nonlinear phase and amplitude variation with input RF power will results in AM-AM and
AM-PM conversion.

Directly' Modulated FO Link: The gain of a fiber-optic link can be calculated in terms of
microwave scattering parameters using the signal flow diagram (SFD) technique [1]. The
transducer gains of the optical transmitter and optical receiver are derived separately and
then combined to yield the gain of the complete link. The link gain is expressed as

Pout,Tx

G ay, Rx - 1 Gx ×IHLI2 x ORx

IS2iDI2 IS2iLI2 (l - I~'asI2) (TILKLLKD'nD) 2

I1 FlasS 29 LI2 I1 -FSD SllDI2

When a directly modulated semiconductor laser diode is employed in the optical

transmitter, the SFD is obtained by considering the forward-bias junction resistance of
the laser diode to be the port two termination of a two-port network consisting of the
microwave impedance-matching and driving circuit combined with the other device
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parameters of the laser. Whereas a reverse-biased p-i-n photodiode is employed in the
optical receiver, the SFD is obtained by considering the junction resistance of the diode
to be the port one terminating load to a two-port network consisting of the microwave
impedance-matching circuit and the other device parameters of the detector. The link
current transfer function, HL, is defined as the ratio of detector current to RF current
across the laser. This is a measurable quantity that is a function of the electro-optic
device quantum efficiencies as well as optical attenuation and coupling efficiency, where

71L is the laser diode external quantum efficiency, 1iD is the detector responsivity, L is
the optical attenuation in the fiber, and KL, KD are the laser-to-fiber and fiber-to-detector

coupling efficiencies, respectively. At the moment nonlinear fiber performance due to
Stimulated Brillouin and Raman Scattering processes for long fiber length L is ignored,
but this issue is to be discussed later.

I Optical Link D

I calSource I [ I I ito (0Intenity C

Rt--- opt Modulation RF

RF / Optical I|" Photo- .

Modulator I Detector>

Input Optical Fiber Output

Fig. 2. Overall structure of a fiberoptic link. Note for directly modulated system the
optical source is internally modulated whereas in externally modulated link the electro-
optic property is used to perform intensity modulation in a MZ modulator.

The four contributions to the noise power of the directly modulated fiber-optic
link. The total noise power at the output of the detector is the sum of all these individual
noise powers,

Nout = NRIN + Nshot + Nthtx + Nthrx = NRIN + Nshot + Nth.

The dominant term is the laser RIN noise power, which is expressed as:

NpdN = RIN(f) ( Ib - th )2 (TIL KLL KD TID) 2  IS21D 12  BZ 0

I(1- rSD S1D)I
The next dominant noise source is shot noise of the detector, including dark current
noise,

Nshot =2e [ (lb-Ith) ((L KL L KDTD) + Id ] B I S21DI2
(1- VSDS11D )1

followed with the thermal noise of the transmitter,

Nthtx =4kTaB(11LKLLKDl1D) 2 Re{ Ythl } IS21Dr12 z0
I( - IFSD S IID)

Finally the thermal noise of the detector,
Nth, = 2kTa B (1I- Ir~In 12).

The only noise source at the input of the link is the thermal noise in the transmitter
circuitry; i.e., Nin = kTaB. Noise Figure of the fiber-optic link is defined as

NFLink = (SNR)i = Pi. * Nout I.. Not (1)
(SNR)o Pout * Nin GLik Nin
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Externally Modulated FO Link: The small-signal gain of an externally modulated fiber-
optic link is derived using the SFD technique as was applied to direct modulation. When
a Mach-Zehnder interferometric modulator is employed in the optical transmitter to
impress a microwave signal upon the optical carrier in a single-mode fiber, the
transmitter SFD is obtained by considering the capacitance CM across the modulator
terminals to be the port two termination of a two-port network consisting of the
microwave impedance-matching circuit and the other device parameters in the equivalent
circuit of the modulator. The output power of a fiber-optic link depends on the amplitude
of photocurrent, Idet, generated in the detector, which is in turn proportional to the RF
voltage VM across the capacitor CM. This gain is represented as:

G n L KDlD Pin.oP ZS21M 2 IS21DI2 1 M2

2 Vic ) 11 - S 22m FMI2 11 - SI ID FSDI2 '

Where V,, = bias voltage required for 100% modulation and Pin,op is the optical output of
the modulator. Figure 3 compares the achievable gain of directly and externally
modulated fiber optic links. Note that a higher gain is achieved when optical source and
detector with efficient light coupling and responsivity are employed. Finally, gain of the
externally modulated FO link monotonically increases as optical power squared. Four
noise sources contribute to the output noise power of the link. The dominant term in the
case of large input optical power is the shot noise followed with excess RIN noise of the
laser. The shot noise of the detector, including dark current, is expressed as:

Nshot = 2el( lop 11D Pin,o + d] I S2 P I I 42

•2 1  - I-SD S1 ID 1

The excess noise of the laser is related to optical source RIN noise which could be
significantly lower than the semiconductor laser diode.

~RN( oplo 2 1  lop 1113 Pin~op) I S21 DI 
2

Nece•s= INTloP "rID Pin,op B 2 × •

"Nexcess I 2 - I1- FSD S1 IDI

The thermal noise sources of the transmitter and of the detector are presented respectively
as:

as" N thtx = kTa g( 'lop 111D Pin,°Z 0)2  IS21rn12 1 S2ii 12  11+ I FM 12

NB 2Vr 1- I"MS22m 12  1- FSDSI DI 2

Nthirx 2kTaB( I _-Irin2)

The total noise power at the output of the detector is the sum of all these individual noise
powers. As in the direct modulation case, the noise power at the input to the external
modulation link is simply kTa B. Therefore the noise figure is given by equation (1). Note
the total shot noise increases as optical power, therefore signal to noise ration increases
as optical power increases in the externally modulated links. However, the challenge is
developing high-speed high-power handling photodetectors.

Fig. 3 depicts comparison measured and analytical calculated gain results of
directly and externally modulated fiberoptic links. The optical power can be high in
externally modulated fiberoptic links when a solid state laser is employed as optical
source. Note a low V, MZ modulator and operation in the quadrature point of Vb= V,/2
(i.e., ý=90') along with a high power handling photodiode allows for the highest reported
gain for FO links. Naturally a higher responsivity (i.e. 1lL and 111) laser diode and
photodiode result in a lower insertion loss.
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Fig. 3. Comparison of experimental and simulation results of directly and externally
modulated fiber optic links at HF [2]. (Courtesy of Ed Ackerman of Photonics Inc).

Dynamfic Range: Spurious free and compression dynamic range are directly related to
linearity off the optical modulator (i.e., laser diode in the case of directly, and MZ
modulator in the externally modulated FO links). The 3rd order intercept point and 1 dB
compression point for the directly modulated are calculated [1] based on the optical
modulation index m,

Piint - mn, (lb - lth)2II - S22LFLaJ Zo

I S21Li 2 (I -I FLasI2)

PinIdB cP =m12 cr(lb Ith)2 1 - S22LFLaJ2 ZOI S21LI1 (1-I Ial12)

In a similar fashion, the 3rd order intercept point and 1 dB compression point are derived
for externally modulated fiberoptic links as:

8 v~ l- S22mFrI 2

P i n ,i n t 8= S 2 . ' -1-72 zoZ S2 1m.I 2 11 + irI

Pin,I dB CP = 0.950454-2 I I - S 2 2 .FtJ
2

2t2 ZOIS 21m. 2 11 + I-MI2

Using the derived relationship for intercept and compression points, Spurious Free and
compression dynamic range are calculated using the following expressions:

SFDR =I- x 10 Loglok r NI dB. Hz2/3

[Pout. dB CP 1
CFDR= 10 L / - -NF dB.Hz
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Fig. 4 represents the calculated dynamic range of externally and directly
modulated fiberoptic links as a function of frequency and makes comparison against the
measured results at various operating frequencies. Moreover, references are made to
various practical military and civilian applications at those frequency bands. As seen the
externally modulated fiber optic link with high power and low RIN noise solid state laser
as source combined with high power handling photodetectors provide for the highest
dynamic range. However, note that at lower frequencies, externally modulated link using
DFB lasers as source outperforms solid state laser due to its RIN resonance peak about
MHz. In the directly modulated links, a higher dynamic range is obtained in DFB laser
based systems where a lower RIN noise is obtained compared to FP laser diodes.

On the other hand, Fig. 5 compares cost vs DR performance of directly and
externally modulated links reported. The dashed line corresponds to the current cost-
performance limit of the reported FO links. In addition a number of civilian applications
are identified in this figure. As indicated, even though externally mdulated links will
meet the stringent requirements of many commercial applications, however due to its
high-cost can not be considered economically viable. Therefore, the derive needs to be
either improving performance of directly modulated links or through manufacturing
innovations drive the price of externally modulated links down.

I dB Compression Dynamic Rang.
160

Standard External Modulator

150 Diode Laser

"'N140
"Two-Tone, Third-Order Microcells

130 Intermodulation-Free Dynamic Range (Outdoor)

"120 DFBLaser ATV I 4-- Radar Bands

47 Standard Extej3l Modulator kj
r_ 110

" Ftry-Per. ,FPI Laser:
Ertruen' ScatteŽi ii Experin)•nt•:l Data,
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90 Experimental Data Points

External Direct Gray Boxes = Specifications
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Fig. 4. Comparison of measured and calculated dynamic range for directly and externally
modulated fiber optic links [2]. (Coustesy of Ed. Ackerman of Photonics Inc.)
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Fig. 5. Cost-Dynamic Range comparison of directly and externally modulated fiber optic
links for a variety of civilian applications [3].

Fiber Nonlinearity: WDM optical systems are employed in optically controlled phased
array antenna applications, where long length of optical fibers are employed for true time
delay devices in large apertures. In pushing these systems to the limits of transmission
capability, aspects such as fiber nonlinearities need to be understood. These aspects
include the nonlinear fiber phenomena of SRS (stimulated Raman scattering) [4], SBS
(stimulated Brillouin scattering) [5], and XPM (cross phase modulation) [6]. These
nonlinear effects become noticeable particularly in WDM subcarrier multiplexed (SCM)
systems that may cover a lot of closely packed video channels cover long distances.
These nonlinearities result in optical power transfer to higher and lower optical
frequencies. Each nonlinear effect creates a distortion level that becomes intolerable
above the acceptable threshold level. Threshold requirements are based on electrical
nonlinear distortion requirements, composite second order (CSO) and composite triple
beat (CTB) (particularly CTB), which have been determined in published works such as
[8, 9]. -

Fig. 6 shows the SRS crosstalk level for a two channel WDM system, while the
fiber length is varied and for 9.4 nm channel spacing, an input power of 4 dBm, a
dispersion of 17 ps/m-n/km, and a subcarrier frequency of 152 MHz. The two curves in
the figure represent the high and low dispersion fibers. The more dispersive fiber
generates lower XT due to the walk-off effect. As is expected, the crosstalk level begins
to increase as the fiber length increases. However, the XT level reaches a peak value and
then decreases as the length is increased further. As the length is increased beyond 70
km, eventually the SRS level reaches a steady state value. This behavior shows a
sinusoidal dependence of crosstalk on fiber length for dispersive fiber but a monotonic
increase in for the dispersion shifted fiber. The importance of this result is that due to the
walk-off effect, the crosstalk level for a length of fiber may not increase as the fiber
length increases. Hence, the crosstalk level can be reduced or increased depending upon
the fiber length. In comparison of the measurement and simulation (based on Wang [8]
and Phillips [9] models), the maximum error is less than 5 %. Measurement results of the
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SRS crosstalk while increasing the RF frequency from 50 to 725 MHz in steps of 50
MHz is depicted in Fig. 7. Also included in the figure is a simulation of the Phillips
model [9]. Figure 7 shows that as the frequency is increased, the SRS crosstalk level
changes following a behavior similar to a sinc function [i.e., sinx/x] squared fashion.

-55 ]

2.7 ps/nm/km

S-70 --. . . . . . . .
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-80 "-'- --------------------------------- M odel1 I

* Measured

-85 ...

0 20 40 60 80 100
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Fig. 6 Measured and simulated SRS induced crosstalk versus fiber length for an input
optical power level of 4 dBm, fiber dispersion of 17 ps/nm/km, RF frequency of 151.85
MHz, and a channel spacing of 9.4 nm.
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Fig. 7 Measured and simulated SRS crosstalk versus RF frequency with a fiber length of
20 km, fiber dispersion of 17 ps/nm/km, channel spacing of 9.4 nm, and a 4 dBm (2.5
mW) input power per channel, also a simulation of 40 km using only the Phillips model.

The problem of crosstalk becomes more aggravated as the number dense WDM
channels increases. Even though analytical models were developed by Wang [8] to
address N optical channels, but there are certain deficiencies associated with this model.
An "alternative technique" was used to predict that for an 8 channel system, the crosstalk
level could easily violate the acceptable cross talk. Specifically, for an input power of- 4
dBm, a subcarrier frequency of 50 MHz, a channel spacing of 1.6 nm (08 = 1541.4 and
AX = 11.2 nm), and a fiber length of 40 km, the - 65 dBc threshold is violated. However,
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by taking advantage of the walk-off effect, it is feasible to reduce the crosstalk level. For
example, the simulation technique has predicted a greater than 10 dB decrease in
crosstalk level by increasing the subcarrier frequency from 50 to 250 MHz, and
decreasing the channel spacing from 1.6 to 0.8 nm. Therefore, the walk-off effect shows
good potential for crosstalk reduction through control of its various parameters. The
channel spacing not only affects the walk-off but also the Raman gain coefficient, thus, it
offers substantial crosstalk reductions.

A four wavelength channels, ranging from 1531.90 nm to 1541.35 nm in steps of
3.2 nm, is characterized and simulated for 40 km fiber and the results are displayed in
Fig. 8. The simulated curves are represented as solid lines and are labeled as XTi(2),
XTi(3), XTi(4), and Alt. Tech (4), where the numbers represent the wavelength in order
from the shortest wavelength (channel I at 1531.9 nin). In the same figure the measured
and simulated crosstalk levels are presented for the second, third and fourth wavelength,
while the pump wavelength is not shown (XT(1) level is expected to be much lower).
Results from the measurement show some agreement with theory in that the longest
wavelength channel receives the most SRS crosstalk distortion, while the shortest
wavelength channel receives the smallest distortion. This alternative model provides
more accuracy in the predicted distortion in a multi-channel system.

-50-
-5 r-DM eas(4) -- - - - -- - - - - ---

Meas(3) Model 3 (3)
..-60 ., .M.as(2) ....

* .%M odel 3 -- -- -- -- - _ - -------

--750 ---------------
L, L IJ 65 - ----.-- --- - -----

IX , 7 -80 J- -01-- ------------------------------------
-85

XT 2

X T3XT -90

-9 -7 -5 -3 - 1
Opitcal Input Power per Channel (dBm)

Fig. 8. Measured and simulated crosstalk versus optical input power per channel. The
simulations represented include the three longest channel simulations using Wang's
equation and the longest channel simulation using the alternate technique. Other
parameters are a subcar-ier frequency of 151.85 MHz, a dispersion of 17 ps/nm/km, a
channel spacing of 9.4 nm, and a fiber length of 40 km. All discrete points are
measurement points, whereas all solid lines are simulations.

Phase Noise Degradation: The FO distribution link contributes residual phase noise to
the reference signal, which is a function of operation frequency. This impact is mostly
significant in the directly modulated fiber optic links where the RIN of the optical source
is far stronger than the externally modulated FO links. Moreover, directly modulated
fiber optic links due to its lower cost than externally modulated links. The phase noise of
the reference signal could be degraded if residual phase noise is too close to the signal
noise floor level. Therefore, an appropriate selection of reference frequency is necessary
to avoid being degraded significantly after passing through the FO link. For example as
shown in Fig. 9, to generate a 12 GHz local oscillator (LO) at front-end, a reference
signal at frequency of 100 MHz (UHF), 4 GHz (C-band), and 12 GHz (X-band) can be
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sent through FO link. Since the phase noise contributions for FO links are different at
these frequencies, an optimum frequency for reference signal can be found to have the
least phase noise degradation due to FO link.

The optical spectra of a modulated optical signal are expressed as:

Popt I + m c (co.nt+ 80,m(t)) + nRIN(t) cos(O)optt + 4Oopt (t) + &op t (t)), where PoP is the
averaged optical power, m is the optical modulation index at modulating microwave
carrier, COrn. The focus of present work is 80, the residual phase noise added to the
microwave carrier from the laser diode noise source. nRIN is the relative intensity noise;
Oop is the optical frequency; 00p, is the optical phase signal due to side modes and
modulation, and 800p, is the phase noise of the optical signal. Since most fiber-optic links
for antenna remoting applications use-intensity detection, only the noise signals in optical
intensity affect the microwave carrier signal, namely, &80 and nRIN. The nRIN could
contribute to the FM noise of the reference signal through nonlinear AM/PM conversion
[10].

Reference Frequency Re.[rrence Frequency

Alternatives Generation

12 GHz [ Microwave or

X-1n MMW Generation
Reference�X-Band M(

Fig. 9. Distribution of frequency reference and generation of MMW signal using various
frequency references used in a FO based local oscillator (LO) synchronization network.

The laser diode SSB phase noise of the nth harmonic of the modulating signal,
Lout, has contributions from three noise terms: i) the input reference signal phase noise,
fin; ii) the low frequency noise of laser diode up-converted to the carrier frequency, Lup;
and iii) the RIN noise at the offset microwave carrier, ERIN. This behavior is quite
analogous to microwave systems [11]. Therefore at angular offset carrier frequency of Q,
Lout can be approximately expressed as [12]:

F-ou,nco(Q) = n 2£fin,o(Q-) + n2 Lup,,(0) + RIN, 0n(Q) (2)

The factor of n is the harmonic order of the modulation signal, if any nonlinearity of laser
diode is exploited to generate the nth harmonic [10]. (If the fundamental frequency is
employed then n=l.) The subscript o indicates the modulation frequency. The up-
conversion factor of low frequency RIN to phase noise is the dominant noise source. The
calculation of this up-conversion factor depends on the derivative of the RF phase with
respect to the RF derive amplitude and is Cup,, = 1/2(a•(o))/-p 0 )2p2, which 0 is phase of

optical signal at the modulating frequency o). The dependence of phase on the optical
output power in directly modulated system is a bit more complicated than externally
modulated system since the nonlinear behavior is dependent on modulation index of laser
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diode and relationship of its operation frequency compared to the relaxation oscillation
frequency. This process is nonlinear and at certain frequencies results in AM-PM
compression. The results are related to modulation index through "a" parameter, which is
a function of modulation frequency and averaged optical power [1].

Since in semiconductor laser diodes RIN noise are strong up to 100 MHz because
of mode partition noise, it is predicted that the spectral purity of the UHF reference signal
is greatly degraded, resulting in a higher FM noise. Moreover, the X-band modulating
signal is close to the relaxation oscillation frequency where RIN is peaked. The best
frequency for reference signal distribution through DMFO link is the C-Band signal as
depicted in Fig. 10, where the phase noise of the 12 GHz LO signal is generated from the
reference signal through the above mentioned DMFO link. Clearly, the signal generated
from a C-band signal has the best phase noise performance. The signal from UHF
reference degrades greatly because the residual phase noise of the FO link is higher than
the reference phase noise at offset frequency higher than 100 Hz.

-20 *
- From iOOMHzreof

[40 From 4GHz ref.

-- 0 m" -'-'-0"----. From 12GItz ref

-60 Ref @100MHz

66 0 tRef @4GHz
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Fig. 10. The simulated phase noise of a LO signal at 12 GHz, which is generated from
different reference signals through a directly modulated FO link as depicted in Fig. 9.

3.0. Semiconductor Laser Diodes with Self-Resonance

It is attractive to achieve optical systems that provide a performance analogous to
the electrical functions. For example, a laser source with oscillation at millimeter wave
frequencies along with the opto-electronic mixing would resemble the SOM circuit. A F-
P laser with optical feedback has provided this feature and was first reported by Lau [ 13].
This resonance frequency is stabilized using a modulating frequency fundamentally or
harmonically related to the self-resonance frequency. A thorough characterization and
explanation of FM noise degradation of the frequency reference in the laser is also
reported by Ni et al [ 12].

A monolithic version of laser with external cavity is realizable using semiconductor
fabrication process and reported by a number of researchers. Fig. 11 a shows a schematic
drawing of the monolithic laser with an integrated EA modulator. Stacked structure
consisting of two MQW layers, a MQW for laser diode (MQW-LD) and a MQW for EA
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modulator (MQW-MD) are employed. The F-P cavity length for our experiment is
cleaved approximately for a length of 2170pm. This total length is composed of 1970 Pm
long gain section, 150 pm long modulator, and a 50 pm long separation region. The facet
of the modulator section is coated with high reflective film (R:Z85%). The facet of the
gain section is as cleaved. The laser is mounted in a high-frequency package. The
schematic diagram of the long FP laser with integrated EA modulator is shown in Fig.
1 b.

The gain section of the laser diode is forward biased at different bias currents and
the EA section is reverse-biased by different voltage levels. The natural frequency
response of the laser is measured at various laser bias currents, ranging from lb=8OmA up
to lb=1 50mA for bias voltage of V,,=0V. A resonance peak is observed that is associated
with the longitudinal mode separation in the long FP laser. The longitudinal mode
separation is calculated as Af=c/2nLIl 9.3GHz, where c=300mm.GHz is speed of light in
free space, nz3.5 is index of refraction of wave-guide, and L_-2.17mm is the F-P cavity
length. This resonant frequency has a frequency tuning sensitivity of Zl MHz/mA.

One could stabilize the optical oscillations using injection-locking process as
demonstrated [13]. As the gain section is modulated by a synthesized frequency reference
(HP83640A) of Pmz-ldBm at fm=19.258GHz, a single oscillation peak appears. The
familiar one-sided injection-locking spectra are observed outside the injection locking
range and the close-in to carrier phase noise is significantly reduced within the locking
range. The measured close in to carrier phase noise degradation at 100Hz offset carrier is
depicted in Fig. 12, where 31dB and 6dB degradation are measured for the injected
power of Pm=+0.5dBm in the resistively- and reactively-matched modules respectively.
However for injected power level of +4.5dBm, a close-in to carrier phase noise identical
to the reference source is measured for the reactively-matched case.
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Fig. 11. a) Conceptual repreentation of the long F-P laser integrated with an electro-
absorption modulator; b) mechanical fixture used for mounting of the laser diode for
injection locking, mode locking and opto-electronic conversion evaluations.

The 19.3 GHz resonant frequency has a frequency tuning sensitivity of
zl1MHz/mA. The resonance frequency is stabilized using fundamental mode-locking by
modulating the EA section by a synthesized source. The close-in to carrier phase noise
are measured and comparison is made against the reference signal from an HP83640A
source. The results are summarized in Table I for different laser operation points. As
indicated a very small phase noise degradation is observed, however the results for Vm= -
I V is better that the results for Vm =-4.5V for the same laser current of lb=140mA.
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_£()(dBc/Hz) A(dB)

fm Vm
(GHz) (V) fl'k100H; •L'lkHz 0=100R•H =lkHz

19.1340C -4.5 -75.4 -81 2.6 2.4

19.2946S -2.5 -77.0 -82 1.0 1.1

19.2940f -1.0 -77.6 -82 0.4 0.4

Table I. Phase noise degradation of the LO signal as a function of various offset
frequencies and laser operation points.
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Fig. 12. Measured FM noise degradation at 100Hz offset carrier for the injection locked
intermodal oscillation. The measured injection locking power of the long F-P laser diode
are also depicted at the cross over point for the resistively- (A) and reactively-matched
(A) lasers.

Since this stabilized signal has much cleaner close-in to carrier phase noise than
the free-running oscillation, it could be employed as the LO signal. The laser diode's gain
section is forward biased (lb = 140 mA) and the EA modulator section is reverse biased
(Vm = -IV). This operating point is selected because of the efficient mode-locking
process while maintaining the least amount of phase noise degradation of the carrier
signal. The laser diode optical output is collimated to a single mode optical fiber using a
polarizing collimator with an overall fiber coupling efficiency of 12%. The optical fiber
output is connected to an optical receiver integrated with RF analyzer (HP70004A
system). Note that HP70004A system automatically de-embeds the calibrated optical
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receiver response from the measurement and displays it in the optical domain. The
electrical domain power levels, in dBr, are easily calculated by multiplying the depicted
optical domain results, displayed in dBm, by a factor of 2.

Next the gain section of this laser is modulated by S-band signals (2.2 GHz ± 50
MHz). Strong nonlinearity of the mode-locked laser at the LO signal of 19.3 GHz up-
converts the S-band signals to 17.1 GHz and 22.5 GHz as shown in Fig. 13. The data
modulation power level is changed over a wide range. An optical conversion loss is
defined as the ratio of the generated mixed RF signal (19.3 ± 2.2 GHz) to the IF signal
(2.2 GHz). The optical conversion loss is as low as 1.4 dB resulting in the electrical
conversion loss of 2.8 dB. The opto-electronic conversion loss for the lower side-band
(LSB) at 17.1 GHz is higher than the upper side-band (USB) of 22.5 GHz by 1.3 dB (i.e.,
2.6 dB electrical) [14].

On the other hand, a modulation loss greater than 51 dB is measured when the
gain section is directly modulated by the RF signal at 17.1 GHz. The spurious-free
dynamic range (SFDR) of this opto-electronic mixer is also evaluated. The
intermodulation distortion (IMD) measurements are conducted for two modulating tones
which are 5 MHz apart (e.g., f, = 2.200 GHz and f2 = 2.205 GHz). Both tones are up-
converted by stable LO signal of 19.360 GHz and IMD of the up-converted RF signals
are measured at LSB and USB frequencies. Based on the mode-locked laser IMD and
RIN noise measurement results for the up-converted RF tones, SFDR LSB and USB RF
signals are 88 dB.Hz2/3 and 89 dB.Hz2/3 respectively.
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Fig. 13. Opto-electronic mixing of data signal with local oscillator signal in the
mode-locked long FP laser diode. a) Experimental results for the operating condition is
Ib = 140 mA, Vm = -I V, fm= 19.360 GHz, Pm = +15 dBm, fdata = 2.200 GHz, and Pdata = -

25 dBm. Data, lower side-band RF, and local oscillator signals (center frequency of 11.0
GHz and frequency span of 20.0 GHz); b) simualtion results based on travelling wave
rate equation [15].

4.0. CONCLUSIONS

Fiber fed wireless communication is considered for mobile and fixed-point
communications in micro and pico-cellular as well as many military ad-hoc WLAN
scenarios. This paper has addressed fiber optic distribution of analog data in terms of link
gain and dynamic range and frequency reference signal for generation of a coherent local
oscillator signal in terms of AM/PM conversion. Moreover, distortion induced by SRS in
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dense WDM systems is discussed. Fiber optic links based on directly modulated could
meet cost-performance for many applications, even though monolithically integrated EA
modulators are becoming very attractive. (This topic is discussed in a paper in this
proceedings dealing with the state-of the-art of devices and circuits by Prof. Dieter
Jaeger.)

A monolithically integrated FP laser with EA modulator is employed to
simultaneously transmit frequency reference of data signals. The analytical models
indicate that stabilized LO signal at 19.3 GHz can be attained using injection locking and
mode-locking. The achieved close-in to carrier phase noise of the stabilized LO signal is
lower in the case of injection locking than mode-locking for the same modulating power
level. The opto-electronic mixing of 19.2 GHz LO and S-band data is also feasible using
this device with SFDR as high as 90 dB. Hz2 '3 . Moreover, optoelectrnic mixing can occur
in a mode-locked laser, creating possibility of generating RF signal from frequency
reference and data signals, thus bypassing the need for integration with electrical mixers
in the up- and down-conversion. (A similar approach using attractive microchip laser is
presented in this proceedings by Prof. Tibor Berceli.)
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