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Abstract

Photonic Frequency-Upconversion using Semiconductor Optical

Amplifiers for WDM / Radio-on-Fiber Applications

Seo, Young-Kwang
Dept. of Electrical and Electronic Eng.
The Graduate School

Yonsei University

A novel photonic frequency-upconversion has been proposed
where the frequency-upconversion of optical base-band or intermediate
frequency (IF)-band signals with optical local oscillator (LO) source is
achieved with the cross-gain modulation of a semiconductor optical
amplifier (SOA) and the square-law photo-detection of a photo-diode.
For avoiding fiber dispersion effects, the optical LO source is produced
by the sideband injection locking as optical heterodyne method to have
two optical modes separated by the desired LO frequency in the optical
spectrum. The detected LO signal as beat signals between two optical
modes has a narrow linewidth and long-term intensity stability.

From the numerical analysis of the proposed photonic frequency-
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upconverter based on the linearized SOA rate-equations, it is found that
the conversion is directly attributed by the SOA optical gain and can be
optimized by either controlling the optical powers of optical LO power
or selecting the optical IF and LO wavelengths. The experimental
verification was qualitatively performed as well.

Using these useful features, a 60-GHz radio-on-fiber distribution
scheme of 2 x 622Mbps digital WDM channels is experimentally
demonstrated, where two WDM channel are frequency-upconverted
with a single 60-GHz optical LO source remotely at base stations after
20-km fiber-optic link and are re-transmitted over 3-meter wireless link.
This proposed scheme would be useful in radio-on-fiber systems where
one optical LO signal is shared among multiple base stations addressed

by their wavelengths.

Keywords: radio-on-fiber, semiconductor optical amplifier, cross-gain
modulation, sideband injection locking, optical heterodyne
method,  remote  photonic frequency-upconversion,

conversion efficiency, wavelength-division multiplexing
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| Introduction

There has been the great progression in information and
communication networks up to recently. The move to the mobile and
broadband local access in the wireless and wired communications is
outstanding and will ultimately allow broadband communication
anything, anytime and anywhere. In particular, the wireless
communication has seen the tremendous increase in the number of
mobile phone subscribers and expanded their services from voice and
short messages to video streaming and wireless internet. In order to
allow more subscribers and better services, it is expected to utilize
millimeter-wave bands in a next-generation wireless system that will
provide more radio spectrum resource and better frequency reuse due to
reduced cell size.

The fixed lines for the wired communication should be
implemented using optical fiber to increase data rate. The fiber-optic
systems now play a key role in the long-haul communication traffic and
can have a channel rate of 10 Gbps commercially. With the progressive
evolution of Ethernet standard, the optical fiber is penetrating itself into
broadband local access. Although the wired comunication is suitable

for the higher data rate services, it does not allow communications



anywhere. Therefore, the wired and wireless commmunication
technologies will be likely integrated together in the next-generation
communications. Their interdisciplinary research area has been
introduced as radio-on-fiber or microwave photonics [1]. The definition
of “radio” here represents electromagnetic waves in radio frequency
(RF) and even in microwave and millimeter-wave band.

In the typical digital fiber-optic communications, the baseband
digital bit stream, combinations of symbol ‘ones’ and ‘zeros’, is
delivered over optical fiber. In the radio-on-fiber system, however, the
varous kinds of services, such as PSTN, ATM and internet, are
collected in one central office and re-distributed through fiber-optic
links to multiple base-stations without demodulation before the fiber-
optic link and re-modulation before the antenna link. In each base-
station, the information arrived from the central office should be
eventually re-transmitted in free space to end-users over the wireless
antenna link, as described in Fig. 1.1. The radio-on-fiber can find
applications in broadband radio access, such as indoor wireless LAN
[2], mobile communication [3], intelligent transportation system [4],

military warfare [5] and radio astronomy [6].
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The broadband radio access requires a large number of base
stations due to the small cell size. The base-stations should be compact
and simple in implementation. A simple approach to transmit radio
signals over fiber-optic links is to employ high-speed intensity
modulators as illustrated in Fig. 1.2(a). The optical carrier is intensity-
modulated with high-speed optical modulators in a central office. The
modulated signals are transmitted to and photo-detected in base-
stations. It is called as “intensity-modulation and direct-detection” [7].
This approach can make base stations simple because the photo-
detected RF-signals in base stations are just electrically amplified and
re-transmitted over the wireless antenna link. The complex and
expensive equipment, such as high-speed optical modulator, electrical
local oscillator (LO) and mixer operating at the very high radio
frequencies, can be centralized in one central office and their costs can
be also shared among multiple base stations.

This approach is, however, sensitive to fiber chromatic dispersion
effect, which will degrade system performance. The intensity-
modulation of the optical light produces two sidebands separated by the
modulation frequency fo from the optical carrier Ac in the optical
spectral domain. As they propagate through dispersive optical fibers,

two sidebands experience different phase-shifts because they travel in
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different velocities owing to fiber chromatic dispersion. Whenever the
relative phase difference between two sidebands becomes out of phase,
the photo-detected signal powers at f;o are greatly and periodically

suppressed. Its relationship can be represented by [8]

2 ﬂ.ﬂ%DLf fL20

c

P, o< cos +arctan(e) (1.1)

where D represents the fiber dispersion, L, the fiber length, Ac the
center optical carrier wavelength, f;o the electrical modulation
frequency, Pro the photo-detected signal power at fio and « the
modulator chirp. The derivation of Eq. (1.1) is given in Appendix.

In order to investigate the effect of fiber chromatic dispersion,
photo-detected signal powers were measured as function of fiber
transmission length when the high-speed optical modulator was
intensity-modulated at f;o of 30 GHz. The results are shown in Fig. 1.3.
For the compensation of the optical loss in fiber transmission, an
Erbium-doped fiber amplifier and a variable optical attenuator were
employed before photo-detection. The solid line in the figure is
obtained from curve-fitting the modulated signal power measurement

results with Eq. (1.1). Fig. 1.3 shows that the photo-detected LO power



. - c 2
P, isperiodically suppressed at L, = —(1 +2k - —arctan(a)j
ro T 2X.Df, w

(for k=10, 1, 2, ...) as can be predicted in Eq. (1.1). In order to avoid
dispersion-induced penalties, various optical heterodyne schemes for
use in fiber-optic delivery of RF-signals have been demonstrated and
their features will be discussed in Section II.

One alternative approach is to send base-band or intermediate
frequency (IF) signals through optical fiber. Then, the photo-detected
signals at each base-station should be frequency-upconverted to the
desired radio frequency as illustrated in Fig. 1.2(b). The IF frequency
used for signal processing in the central station is relatively much lower
than the radio frequency for the wireless link in base-stations. One can
find from Eq. (1.1) that the dispersion-induced signal suppression
effects become much less severe with the employment of the lower
modulation frequency used in the central station before fiber-optic link.
Since the IF frequencies are typically less than several gigahertz in
practice, this approach is relatively insensitive to fiber chromatic
dispersion effects. But, it will make the base-stations more complex and
expensive in design and implementation because every base-station
needs high-frequency electrical mixers and LO sources for the photo-
detected IF-signals to be frequency-upcoverted and re-transmitted over

wireless antenna links.
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This dissertation proposes a novel photonic frequency-
upconverter using a semiconductor optical amplifier as shown in Fig.
1.4, where the optical LO signal is tranmsitted along with the optical IF
signal having different wavelengths in a central station [9-12]. To
neglect the fiber dispersion effect in transmission, the optical IF signal
carries data in baseband or IF-band as like the case in Fig. 1.3, and the
optical LO signal under consideration has two optical modes separated
by the desired LO frequency. For this, optical heterodyne methods are
employed for the generation of optical LO sources. At a base station,
the data carried in the optical IF signal is frequency-upconverted with
the optical LO signal by using a photonic frequency-upconverter. In
[13], a photonic frequency-upconverter was constructed by taking
advantage of the nonlinear photo-detection behavior of a high-speed
photo-detector (PD). This signal upconversion scheme, however, has
low conversion efficiency.

In this dissertation, a semiconductor optical amplifier (SOA) is
employed for the better conversion efficiency. All optical frequency-
upconversion of the IF-band signal (fi) to lower sideband (LSB, fio -
fir) and upper sideband (USB, f1o +fr) with an optical LO source is
achieved in combination with the SOA cross-gain modulation and

square-law photo-detection of a photo-diode (PD) as described in Fig.
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1.4. The mixing of two RF-modulated optical signals in SOA has been
demonstrated in [14]. In this case, however, the RF modulation of both
optical signals was limited within the SOA gain modulation bandwidth
that is typically less than 10 GHz. In this dissertation, it is demonstrated
that such limitation is not necessary for both optical LO and IF signals.
If only one of them (in this case, IF-frequency) is within the SOA gain
modulation bandwidth, successful upconversion is possible. It should
be noted that this IF frequency limit for the optical IF signal will not
pose any problem in applications, because the typical radio-on-fiber
systems have IF frequencies not exceeding the gigahertz range. In
addition, our scheme does not have wavelength- or polarization-
dependence, and signal upconversion is possible for a wide range of
separation between IF and LO wavelengths as long as both are within
the range of SOA optical gain.

Using this proposed SOA-based photonic frequency-upconverter,
this dissertation demonstates a new radio-on-fiber distribution scheme
as illustrated in Fig. 1.5 [9, 12], where wavelength division
multiplexing (WDM) technique is employed in the radio-on-fiber
systems to increase the total data traffic capacity. One optical LO signal
is distributed to several base stations and multiple base-band or IF-band

WDM data are wavelength-selectively transmitted to base stations. One

12



optical LO source is distributed to and shared among base-stations. The
WDM data and optical LO source have different wavelengths in the
optical spectrum. The WDM data are remotely frequency-upconverted
with the optical LO source by utilizing the proposed SOA-based
photonic upconverter at each base-station.

This dissertation is organized as follows. Section II deals with
optical heterodyne methods for the generation of the optical LO sources
that should have two optical modes separated by the desired LO
frequency. In particular, the characteristics of the sideband injection
locking method are discussed numerically and experimentally in more
details in Section III. Section IV deals with the proposed photonic
upconverter based on the SOA cross-gain modulation and the PD
square-law photo-detection behavior. In this section, the operation
principle and characterisics as well as numerical and experimental
analyses are given. Section V deals with the a new WDM / fiber-radio
access distribution architecture where broadband digital WDM data are
frequency-upconverted with the SOA-based photonic upconverter
remotely at base-stations after fiber-optic link and re-transmitted over

60-GHz antenna link And, conclusions are given in Section V1.
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II.  Optical Heterodyne Local Oscillator Generation

In order to avoid the fiber dispersion-induced penalty problem,
optical heterodyne methods under consideration should be taken for the
optical LO source to have two optical modes separated by the desired
LO frequency. When these optical modes are photo-detected, they beat
each other owing to the PD square-law photo-detection feature and
produce their beat signal at the frequency that is same as their optical
frequency difference. To model this situation, an optical heterodyne LO
source can be assumed to have two independent optical modes with

optical angular frequency of @ and @ [15]:

E,(f)= P /) ang

Ez(t):\/gej[wz”‘bz(f)]. (2.1)

where P;is the average optical power and ®; the optical phase for i = 1

and 2. When these two optical modes, E, and FE,, propagate through

the dispersive fiber with the slightly different velocities, they will
experience the relative phase difference @,. The electric fields after

the fiber can be written by:

14



E,(t)= P /@) ang

Ez(t):\/gej[wz”q’z(t}*gzy]. (22)

the photo-detected current /pp in PD is given by

Ipp :RPD(EI +E2)* (El +E2)

=RPD{Pl +P,+2,/P-P, cos[|a)2 —|t+|®, - D |+6, ]}, (2.3)

where Rpp represents PD responsitivy. Eq. (2.3) shows that the
electrical beat signal at the optical frequency difference |@ - @ | of two
optical modes can be produced. From Eq. (2.3), the fiber dispersion
effect can be treated as the constant phase shift 6, and does not cause
any influence on the detected beat signal power level, while the
intensity-modulated light experiences the periodic signal power
suppression as discussed in Fig. 1.3.

Because two optical phases, @, and ®, , of two independent
optical modes are usually uncorrelated, however, the linewidth of the
produced electrical beat signal becomes as broad as the sum of the
linewidths of two optical modes. It is typically of several MHz when

using semiconductor laser diodes as optical sources. The beat signals

15



having broad linewidth are not suitable for the use of various data
modulation formats in practical wireless applications. In order to obtain
the beat signal with narrow linewidth, the optical phases, ®; and @, , of
two independent optical modes should be well correlated each other.
For this purpose, there have been typical studies, such as single
sideband modulation [16], double-sideband-suppressed carrier
modulation [17], optical phase-locked loop [18], and sideband injection
locking [19]. In this dissertation, the sideband injection locking method
is employed for the optical LO generation, whose charateristics are

discussed in more details in Sec. I11.

A. Optical Single-Sideband Modulation

The optical single-sideband modulation using a dual-electrode
Mach-Zehnder intensity modulator is shown in Fig. 2.1, where the RF-
signal at @,, is applied to both electrodes of the Mach-Zehnder
modulator. The ©/2 phase-shifted RF-signal is applied to one electrode.
One electrode is dc-biased, while the other electrode is grounded. This
optical single-sideband modulator can be modelled as two phase

modulators in parallel and its normalized output can be written by [16]:

16
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E(t)= \/FO

> [cos(QOt +EM+ 0T cos W, t )

+cos(Q,t + o sin a)LOt)], (2.4)

where Py is the average optical power, €2y the angular frequency of the
center optical carrier, €=V,./Vx the normalized DC-bias level, and

a=V,./Vr the normalized modulation level. For £=1/2 or the

quarature point, Eq. (2.4) can be developed into a Bessel series:

P,
E(t)= \/2_0 [J, (0 )cosQ,t — J (o )sin Q¢

—2J,(o)cos(Q, —w,, ) t] with a<l/z. (2.5)

Eq. (2.5) shows clearly that the optical single-sideband modulator
produces only two spectral components: one optical center carrier at
Q, and one sideband separated by @,, in the optical spectrum. The
complete suppression of the other sideband at Q,+w®,, can be

theoretically achieved. One may suppress the sideband at Q;—w®,, in
Eq. (2.5) rather than one at Q,+w,,, if the w2 phase-shifted RF-
signal is applied to the different electrode in Fig. 2.1. In addidion,
because two optical modes at Q;, and Q -w,, (or, Q,+w,,) are
originated from the same optical source, their optical phases are well

18



correlated. Therefore, the low phase-noise beat signal at ®,, in
photo-detection can be obtained without any helps of complex
electrical feedback circuits.

This single-sideband modulation, however, has several problems.

It is very sensitive to the modulator DC-bias level. For the higer o,,,

it should need a phase-locked electrical oscillator and high-speed dual-

electrode Mach-Zehnder modulator operating at @,, . Thus, the
modulator bandwidth can impose a limitation on the accessible LO

frequency range.

B. Double Sideband-Suppressed Carrier Modulation

Using a high-speed Mach-Zehnder intensity modulator, two
optical modes with the desired LO frequency separation f;o can be
obtained. The electric-field response of the Mach-Zehnder modulator

can be given by: [17]

E,(t)=E,(t) cos{%Vm;—d(t)} -cos(Q,¢) (2.6)

T

where E;, () represents the input optical field intensity incident on the

19



modulator, V,,,4 (f) the input electrical voltage applied to the modulator

and € the angular frequency of optical carrier. When the modulator is

RF-modulated at ®,,/2 , its normalized output electric-field is

represented by:
Vo (t) =V, - (1 + 8)+ a-v, cos(%a)wtj and 2.7)
= E V4 1
E, ()= Eﬂuf = cos{ E{ (1+€)+ acos[ga)mtﬂ} -cos(Q,1), (2.8)

where o« represents the normalized modulation level and & the
normalized bias. The output electric-field in Eq. (2.8) can be re-written

as a Bessel series:

Eaut(t):%JO(a%j'COS|:%(1+8):|'COS(QOZ)
—lJ o | sin £(1+€) -cos| Q t+la) t
2! 2 7 0" =5 %o
+%J2(a%j-cos{%(l+8)]cos(§20tia)wt)
—lJ aZ | sin £(1+€) -cos| Q tiia) t+- . (2.9)
273 2 7 0" =5 %o

20
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When € = 0 in Eq. (2.9), the DC bias term in V,,,; is of V', and the

center optical carrier component is ideally eliminated as described in

Fig. 2.2. The second terms of the modulator output at Q i%a)w in

Eq. (2.9) become the dominant optical modes having desired frequency

separation by @, . Because the center optical carrier is suppressed, it

is called “double sideband-suppressed carrier (DSB-SC)” modulation.

. 1
Because two optical modes at Qoiza)w comes from the same

optical source, their optical phases are well correlated. Thus, the low
phase-noise beat signal at w,, in photo-detection can be obtained
without any helps of additional electrical feedback circuits. This
modulation method, however, requires an additional optical amplifier in
implementation since the modulator should be biased at V, for its

output to be mimimum in operation as described in Fig. 2.2.

C. Optical Phase-Locked Loop (OPLL)

In the OPLL scheme of Fig. 2.3, two optical sources are used to
produce a beat signal at the desired LO frequency as discussed in Eq.
(2.3). If their optical phases are not synchronized or well correlated, the

beat signal will have the linewidth as broad as the sum of the linewidths

22



of two optical sources, master and slave lasers, here. In order to achieve
the beat signal with a narrow linewidth, the OPLL employs an electrical
feedback circuit as illustrated in Fig. 2.3. Some of optical powers are
tapped off and photo-detected in a PD. The phase-comparison between
the photo-detected beat signal 6,, and the electrical reference
oscillator 6,, having a narrow linewidth are made by using a
microwave mixer as phase-detector. The resulting phase error signal

6, is filtered with the loop filter and used instaneously to tune the the

slave laser 6, for |9PD - 0L0|=constant. For this, the frequency-offset

between two laser |a)M — a)S| should be equal to the frequency of the

electrical reference oscillator @,, . Thus, the OPLL system can
produce the beat signal of two lasers at ,, having the narrow
linewidth.

The OPLL system, however, is very complicated for the practical
realization because of the loop bandwidth and loop propagation delay.
For the stable operation of the OPLL, the wide loop bandwidth as well
as the short propagation loop delay are required. For this, the lasers

having narrow linewidths should be integrated in one package [18].

23
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Fig. 2.3. Block diagram for optical phase-locked loop
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D. Sideband Injection-Locking

The sideband injection-locking method can be used for optically
generating micro/millimeter-wave signals. It can easily produce very
high frequency signals with low phase noises. There are several
experimental demonstrations for this method [3, 19-21] and Braun et al.
have successfully generated millimeter-wave signals in the 60-GHz
range for fiber radio mobile communication applications [3, 20]. Fig.
2.4 shows the operational principle of the sideband injection-locking
technique. When a DFB laser acting as master laser (ML) is directly
RF-modulated at €, it is intensity-modulated as well as frequency-
modulated because of frequency chirp [8, 22-24]. Thus, the ML under
RF-modulation produces multiple sidebands that have the frequency
separation of the RF-modulation frequency €2, as illustrated in Fig. 2.4.
Two of these sidebands having the target frequency separation are used
to injection-lock two separate DFB lasers acting as slave lasers (SLs).
Two injection-locked SLs have the target frequency separation, and are

synchronized to each other since they are both locked to the same ML.

25
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When the output lights from two SLs beat each other in a PD, the
desired micro/millimeter-wave signal is generated that have the target
frequency and very small phase noise.

Fig. 2.5 shows the measured optical spectra of the optically
generated 60-GHz LO source using the sideband injection locking
configuration, where the ML is directly RF-modulated at 10 GHz. The
multiple sidebands with the 10-GHz separation are produced off from
the center ML wavelength around 1552.5nm. For the 60-GHz optical
LO source, £3 ML sideband powers get maximized by controlling the
RF-modulation level, and is used to injection-lock two slave lasers as
shown in Fig. 2.5. When these SL outputs are photo-detected, the stable
and low phase-noise 60-GHz LO source is obtained with single
sideband phase-noise of about -90 dBc/Hz at 100 kHz frequency-offset
as shown in Fig. 2.6. In particular, the phase-noise of the optically

generated 60-GHz LO signal follows the ideal multiplication law, or

20xlog M , where M is the multiplication factor. The minor phase-

noise degradation at the offset frequency over 100 kHz is believed to be
due to the imperfect physical path-length match between ML and SLs.

Fig. 2.7 shows the changes in the RF-powers and phase-noises of

the detected LO source over 6 hours. The variation of the detected LO

source powers is confined within + 0.5 dB. This minor variation is
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believed to be due to the coherence effect between the reflected ML
fields from two SLs [25]. The single-sideband phase-noises of the LO
source are maintained around —90 dBc/Hz at 100 kHz frequency-
offset over measurements. Fig. 2.7 confirms experimentally that the
stable and low phase-noise LO source can be achieved with the
sideband injection locking scheme.

The OPLL of Sec. II-C and sideband injection locking systems
can commonly obtain the desired LO sources realized as beat signals
between two lasers. In the OPLL systems, the optical phases of two
lasers get synchronized or well correlated at the cost of the complex
electrical feedback circuits due to the short loop propagation delay.
The sideband injection locking, however, does not require any
electrical feedback circuitry. But, the SL lasing frequency should be
carefully controlled with laser injection current and temperature in
order for the SL to be stable-locked to the desired ML sideband due to
the narrow locking range. In order to overcome these problems, the
optical injection phase-lock loop system has been recently
demonstrated, where it can allow the considerable loop propagation
delay in the OPLL system and the wide SL locking range in the

sideband injection locking [25, 26].
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III. Characteristics of Sideband Injection Locking

In the sideband injection-locking scheme, it is often the case that
the ML modulation frequency is a sub-harmonic of the desired beat
frequency. It can significantly reduce the required ML bandwidth and
the operating frequency for the RF source. For example, Braun et al.
used 3.2-GHz phase-locked electrical oscillator in order to generate 64
GHz beat signals [3, 20]. Consequently, a careful control in the SL
lasing frequecies and the amount of ML light injected to SL is required
in order to have each SL locked to the desired sideband. When the SL is
injection-locked to a certain sideband, the presense of adjacent
sidebands that are not involved in injection-locking can influence the
spectral characteristics of the resulting beat signals [27, 28]. The
presence of undesired beat signals is graphically shown in Fig. 2.4.
Since these undesired beat signals can have significant influence on the
overall system performance, it is necessary to analyze the
characteristics of the undesired beat signals. In this section, the
characteristics of the undesired beat signals are discussed numerically

and experimentally.
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¢ Extended Lang’s Rate-equations

To a first approximation, the normalized electric field of an

RF-modulated ML can be expressed as [22-24]
EM ()= SU[1+my,, cos(Q, 1 +®,, )] ? it i) 3.1)

where Sy is the average ML photon density, €, the angular
modulation frequency, my, and mpy are intensity-modulation (IM)
and frequency-modulation (FM) indices, and ®;, and ®p), are the
optical phases for IM and FM, respectively. Eq. (3.1) can be re-

written by a Bessel series as follows,

o

E"(0)=8y 2 {Jk (s )+ 2 T (i ) T, (e )} )

fr=—oo

= Y E" e (3.2)

f=—oo

where

E/im = SI{/;LZ et |:Jk (mFM ) +ni%(‘]k+l (mFM )ejm +Ji (mFM )e_JM) )} .
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A® is the optical phase difference between @), and ®y,. In the above
equation, J_, (my,)=(-1)"J (m,,) is used. Eq. (3.2) shows that

the RF-modulated ML has multiple sidebands in the optical spectrum
that are separated by €2,,.

The characteristics of the SL into which RF-modulated ML
light is injected can be modeled by extending Lang’s rate-equations

[29] in the following manner.

dE“:I(FG(N)_l)(l—ja)Ek +j(a)£“ —a)f’)-Ek +2K E"> (3.3)

dt 2 T,

B (FG(N)—I)P,, rp s (3.4)

dt T, T,

do, 1 oy L, (3.5)

- eracv-n- L]

dN 1 2| N

- _GN) | P+YE] |-, 3.6

g ()(,,;Ikljrn (3.6)
gO(N_nt) 2

GN)==2— " and S=P + ) |E,| .

) 1+ &S ! Zk:| 1

In the above equations, E; represents the normalized complex electric
field that is locked to the k-th ML sideband whose normalized complex
electric field and angular frequency are denoted by E¢* and @™,
respectively. |Exf* corresponds to the locked normalized photon density

for the k-th ML sideband. @’ is the lasing angular frequency for the
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free-running SL  (no light injection). S, and @, are the unlocked
normalized photon density and the optical phase, respectively. The
Langevin noise terms are not included in the above equations. The
coupling rate (K¢) is defined as v,/2L. The value of 141.7 GHz is used
for K¢ in investigation, which corresponds to the SL cavity length (L)
of 300 um. Other parameters have the usual meanings. For calculations,
laser diode parameters given in [30] are used.

These extended rate-equations can include the arbitrary number
of the ML sidebands, whereas Lang’s model in [29] deals with the SL
under the single mode laser injection, that is, only one value for £ is
considered in the above equations. The field amplitude of the 4-th ML
sideband (EkML) is determined from mp, that is directly related to the
intrinsic laser frequency chirp characteristics. The ML field at the
center lasing frequency is denoted by E,""*. The negative (positive) sign
for k£ means that the sideband is located at the lower (higher) frequency

than the center frequency (k = 0). The angular frequency of the &-th ML

sideband (@"") can be simply expressed as @™ = o)™ +kxQ .
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¢ Simulation Results

For the numerical simulation, it is assumed that three identical
semiconductor lasers are used for one ML and two SLs. It is also
assumed that the ML is biased at 1.57 X Iy, and is RF- modulated at 8
GHz with the modulation current /, of 0.75 X Ij. The modulation
indices myy, and mpy can be calculated for the given condition using
linearized laser rate-equations. With these, the ML optical spectrum has
+ 2 ML sideband larger than other sidebands to be the target sidebands
for injection-locking two SLs for the beat signal of 4xQ, or 32-GHz
here. The total of 17 ML sidebands including the center optical mode
are considered in calculations. Under these conditions, the effects of the
unselected sidebands on the spectral characteristics of the beat signal
are investigated at different ML injection powers. The path length
differences between ML and two SLs, and between SLs to PD are not
considered in calculation, which can cause the relative optical phase
deviation and influence the linewidths or phase-noises of the beat
signals [3]. The PD is simply assumed an ideal square-law device for
the incident optical field.

The frequency locking-range within which SL is locked to the .-

th ML sideband can be analytically given as [31]

36



25

A <Ke —(l+a?) (3.7)
2

where Afy represents the SL lasing frequency-detuning off from the -
th ML sideband. Eq. (3.7) shows that the locking range can be widened
with the increase of the injected ML light intensity. This locking range
can be further classified into two distinctive regimes: stable-locking
and unstable-locking. In the stable-locking regime, the output power
converges to a steady-state value when a small perturbation is
introduced. In the unstable locking regime, however, the power does
not converge to the steady-state value but experiences a self-sustained
oscillation or even chaos when a small perturbation is introduced.
When the single mode ML light is assumed, the stable-locking range
can be easily determined from the s-domain stability analysis of the
linearized Lang’s rate-equations. When two and more ML lights are
simultaneously injected to SL, the stable locking range cannot be
obtained easily from the s-domain stability analysis since ML lights
competes each other to get more optical gains. This is well studied in
[32], and is not discussed in further details, here.

In order to consider the influence of the several sidebands on the
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stable-locking range, the stable-locking range is determined in the
following manner. First, the rate-equations of Eq. (3.3)~(3.6) are

numerically solved in time domain with the SL frequency detuned

(Af,) in steps of 100 MHz from the A-th target sideband, where

Af, = (a),f“ -o™ )/ 27 . From the obtained solutions in the time domain,

it is judged whether or not the SLs are locked to the k-th target
sidebands by using the following criteria. First, the locked photon

density for the k-th target sideband should be larger than the unlocked

Ek|2 >S, (k=x=2, here). Second, the locked

photon density, that is,
photon density for the k-th target sideband should be larger than any

2
Ek| >

other locked photon densities for other sidebands, that is,

|Em|2 (m # = 2, here). Note here that it is possible to have more than

one sideband within a particular locking-range. Finally, the relaxation
oscillation of the locked photon density should be sufficiently
suppressed after reaching the steady state. The suppression ratio should

be below -30 dB in this investigation, where

max(|E, (0] ) - min( £, ) )
max(|E, (0] ) +min(| £, ()

suppression ratio =
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With these, the stable locking-range can be found for the SLs locked to
+2 and -2 sidebands at different injection ratios, R, which is defined as
the ratio between the average ML injection power and the free-running
SL power. Fig. 3.1 shows the calculated stable locking-range for + 2
ML target sidebands. It is found that the center of the stable-locking
range is shifted toward lower frequency from the SL lasing frequency
as the injection ratio increases. Similar dependence of the stable-
locking range on the injection ratio has been studied in [33], whose
analysis was given for the semiconductor laser under the CW light
injection.

Fig. 3.2 shows the calculated optical and RF-spectra for different
values of R. where the center of the optical frequency axis in the figure
represents the ML lasing frequency without modulation. For R of -37.2
dB in Fig. 3.2-(a), the locking-range is very narrow so that the
unselected sidebands are outside the locking range and do not have any
significant influence. Consequently, the resulting RF spectrum has
undesired beat signals strongly suppressed. For large R as in Fig. 3.2-
(b) and -(c), SLs are frequency-detuned so that they can be stable-
locked to the target sidebands. In practice, the frequency-detuning of
SL can be done by the control of either laser bias current or laser

operating temperature. Most of the SL powers are moved to the target
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sideband mode. But, some of the undesired sidebands can also obtain
some optical gains from the SLs, since they can be located in the
unstable-locking regime. Consequently, with increasing R, the
unwanted sidebands get not strongly suppressed. The resulting RF-
spectra have undesired adjacent beat signals whose powers can become
comparable to the desired beat signal powers.

Fig. 3.3 shows the power difference (AP ) between the desired

beat signal at 32 GHz (P,,) and unwanted adjacent beat signal at 40
GHz (P, ) as function of the injection power ratio. In addition, the
bandwidth of the stable-locking range obtained in Fig. 3.1 is also
shown for comparison. Small values of R can suppress the unwanted
beat signals strongly but narrow the locking bandwidth. The increase of

R improves the locking bandwidth but degrade the suppression ratio.
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¢ Experimental Results

Fig. 3.4 shows the setup for experiments performed in order to
confirm the simulation results. Three commercial DFB lasers are
employed for ML and SLs with the emission wavelength around 1550.2
nm. One isolated DFB-LD used as the ML is biased at 1.43 X I;. And,
Other two unisolated DFB lasers (Samsung SDL24) for the SL’s are
biased at 8.1 X Iy, emitting about 4 mW. The ML is RF-modulated at 8
GHz to produce the multiple sidebands. In order to make the + 2 target
sidebands larger than any other ML sideband peaks, the RF-modulation
power is adjusted. The ML output with multiple sidebands passes
through an isolator and a 3-dB fiber coupler, and is injected into two
SLs. Two SL outputs are combined in the fiber coupler. Then, the
combined power is divided into two paths. In one path, it is connected
to a Fabry-Perot interferometer (FSR = 75 GHz). In the other path, the
beat signals produced in a PIN photo-diode (Bandwidth = 45 GHz) are
measured by using a RF-spectrum analyzer. Although not illustrated in
the figure, a polarization controller is employed in front of each SL so
that the coupling efficiency between ML and SL is maximized. A

variable optical attenuator is employed in front of the fiber coupler,
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which adjusts the total injection power into the SLs. In this way, the
injection power can be easily changed without adjusting ML bias level
or RF modulation power, both of which can affect the IM/FM indices.
Under this condition, two SLs are locked to + 2 target ML sidebands.

Fig. 3.5(a) shows the measured RF-spectrum generated from the
beating of two SLs, each of which is locked to + 2 target ML sidebands
separated by 32 GHz. The estimated value of R is about -16 dB. In
order to stable-lock SLs to the desired sideband, the SL lasing
frequencies are carefully controlled by changing the laser temperature
and the bias current.

Fig. 3.5(b) shows the power difference between the desired and
undesired RF signals and the stable-locking bandwidth for the different
values of R. The stable-locking bandwidth is determined by carefully
measuring the tolerance of the locking condition to the change in SL
bias currents. Although the parameters used in simulation do not reflect
the lasers used in the experiment, the measured results in Fig. 3.5(b)
show qualitatively good agreement with the simulated results shown in
Fig. 3.3. These investigation results will provide useful guidelines in
the optical high-frequency signal generation using the sideband

injection locking for fiber-radio applications.
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IV. SOA-based Photonic Frequency-Upconverter

The operation principle of SOA-based photonic frequency-
upconverter is introduced in Fig. 1.4. The optical LO source has two
optical modes with the desired LO frequency separation, which is
assumed to be much beyond the SOA gain modulation bandwidth.
When the base-band or IF-band data signal and optical LO source are
injected simultaneously into a semiconductor optical amplifier, the data
signal will modulate SOA carrier density, which in turn can modulate
the optical LO source at different wavelength. It is the SOA cross-gain
modulation. When the cross-gain modulated optical LO source is
photo-detected, the frequency-upconversion of the base-band or IF-
band data signal (fir) to lower sideband (LSB, fio - fir) and upper
sideband (USB, fio +fir) is achieved owing to the PD square-law
photo-detection behavior.

Fig. 4.1 is an experimental setup for photonic frequency-
upconversion, where the 1-GHz IF-signal and the 25-GHz optical LO
source are employed. The optical LO source is produced by the
sideband injection-locking method as discussed in Sec. II-D and Sec.
III. The SOA (Samsung OA40B3A) used in the experiment has less

than 1-dB polarization dependence loss and has, when biased at
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150 mA, larger than 40 nm of optical gain wavelength range, larger
than 5 dBm in output saturation power, and about 3 GHz of gain
modulation bandwidth. No polarization control is used. An optical
attenuator is placed before PD in order to avoid any non-linear photo-
detection effect at the large optical power [13], which may interfere
with upconversion process.

Two insets in Fig. 4.1 show the pre-conversion and post-
conversion RF-spectra measured before and after SOA, respectively.
Two insets show the frequency-upconversion of the 1-GHz IF signal
with the 25-GHz optical LO signal to LSB (24 GHz) and USB (26
GHz). In addition, one can find that the post-conversion USB and LSB
signal powers are much larger than the pre-conversion IF-signal power
before SOA. For the better understanding of this upconversion process,
the numerical analysis and experiments are performed.

The numerical analysis is based on the approach given in [34].
When the fields of optical IF signal E,. and optical LO signal E,,
enter the SOA at z=0, their propagation in SOA and the change in SOA

carrier density can be expressed as:

dEIF,LO 1

= ZEFaIF,LO(N_NIF,LO)EIF,LO’ 4.1)
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WL N5 o)
d qV Ty irio hw, A,
_L_ﬁ_ z (N—N) |Ei|2 4.2)
qV Ty -iFio iTsPim“ .

where a,,,, Ny,, and o, ,, are the differential gain, the

transparent carrier density and the optical angular frequency for the
optical IF and LO signals. T" is the confinement factor, / the SOA

injection current, g the electron charge, /' the SOA active volume,

7, the spontaneous carrier lifetime, % the plank constant, and Ay

the effective mode area. P;", =4, ,hw, , /TSa,F ;o 1s defined as

the saturation power for the optical IF and LO signals. Four-wave
mixing effects between the optical IF and LO signals in SOA are not
taken into account for simplicity in analysis. The solution of Eq. (4.1)

can be written as

Er 1o (t,2)= Eir1o (t,z= O)CXp{ Fa]F,Lo lO'(t,Z) — Ny 102 J/2 }: (4.3)

where, o (¢,z) = J:N (t,z")dz" represents the spatially integrated

carrier density. By integrating both sides of Eq. (4.2) with respect to z,

51



one can obtain

do_k _o_ 5 [EO]

K3 Ta\o-Nz)]-17. 4.4
dt  qV 7y irolThed, {exp[Ta,(c—N,z)]-1} (4.4)

When the optical IF signal is harmonically modulated and the
optical LO signal has two optical modes separated by f,, as

described in Fig. 4.1, E,. and E,, can be written as

EIF (t’Z = 0) =4/ 1_)11: (1 + mpy, COS(!)IFI))I/2 . ei-/wlFt

= (P, + AP 4 AP e, (4.5)
E,o(t,2=0)=[B,y /2 (e 70 4 ¢/0il2). gieret (4.6)

Pr,o and Q. (=27, ,,) are the average light intensity and the

angular electrical modulation frequency for the optical IF or LO signals.

. . . L 1 =
m,. 1s the intensity modulation index and AP, =AP, = Em w Py for

relatively small intensity-modulation of the optical IF signal. If we
assume that fio is much larger than the SOA gain modulation
frequency bandwidth, which is the usual case in applications, then only

optical IF signals have an influence on the SOA carrier density
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—jQpt JQpt

modulation with =0, +Ace " +Ac e’ . oy is the spatially

integrated steady-state carrier density and can be numerically obtained
from the steady-state solution of Eq. (4.4), or do/dt=0. From the

first-order perturbation of Eq. (4.4), we can obtain

Ao =— (= 1).APIF and
Iw;A, (_ T+ 7y )
AG” =— (G 1) APy (4.7)
Tho, A, (]Q[F + 7@17)
where

Yo = /7, + l/Ts,F +1/ 7, and

T o — Aeﬁha)lF,Lo/GlF,Lo A 10 Prr 10

_ sat
- 7’-SIDIF,LO /GIF,LO IDIF,LO :

In the above equations, ¥, is the effective recombination rate,

eff

Grio= exp[l"a,F,Lo -(O'S —N,F,LOZ)J the saturated gain and 7,

the stimulated recombination lifetime for the optical IF or LO signals.

Using Eq. (4.7) together with Eq. (4.6), the optical LO signal after SOA
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can be written as:

~ P — l t l t —jwpt
ELO (l) — GL02PL0 (e /291.0 + e./ZQLO j e J@L0

x[l + % Ta,,Ac o ™" + %rawm* e j . (4.8

with the approximation of e* =1+ x. Eq. (3.8) shows that the SOA

carrier density modulation by the optical IF signal produces new

sidebands at @, J_r[lgw iQIF) in the spectrum of optical LO signals.
2

They are the results of the SOA cross-gain modulation, because optical

IF signals modulate the SOA carrier density, which in turn modulates

optical LO signals at g, +

Q,,- The photo-detected current after

N | =

~ ~ 2
SOA can be obtained from 1,7 (¢) = RPD‘E 0 (t)‘ and its USB signal

current at f = f;,+ f,- 1s given as

INLPOD (fLO + f}F) = RPDGLO]_)LOFaLoAG* /2 5

where Rpp is PD responsivity. The photo-detected IF signal current
before SOA can be written as I,°(f,)=R,,AP, from Eq. (4.5).

Then, the frequency-upconversion efficiency in the RF-spectrum can be
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derived as

fL0+fIF | | LOaLO LO 1) |2
IPD f]F ‘ ‘2ha)w of ]QIF +7eff)‘

nc:

GLOEO(GIF _1) |2.
2TSPsat,LO (jQIF + 7eﬁf )‘

(4.9)

Eq. (4.9) shows that the conversion efficiency is proportional to
SOA optical gain and LO light intensity. Fig. 4.2(a) shows the
calculated results for the frequency-upconversion efficiency at various
bias conditions and LO intensities. For calculations, SOA parameters
given in [35] are used. The coupling loss of 7dB is assumed for SOA
[36].

The conversion efficiency increases initially with LO intensity.
But, if LO intensity is too large, the conversion efficiency begins to
decrease. This is because the strong LO light will deplete the SOA
carriers as shown in Eq. (4.2) and, in turn, saturate the SOA optical
gains as. The experimental validation is given in Fig. 4.2(b) where a
commercially available SOA (Samsung OA40B3A) is used. Without
the knowledge for the numerical values of the parameters for the SOA

used in the experiment, it was possible only to make a qualitative
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comparison at present.

The conversion efficiency can also vary depending on the optical
IF and LO signal wavelengths simply because the optical gain in an
SOA is wavelength-dependent. Fig. 4.3 shows the calculated and
measured frequency-upconversion efficiencies for different IF
wavelengths with optical LO wavelength fixed near the SOA gain peak.
For comparison, the fiber-to-fiber SOA gain for the SOA light input
power of —40 dBm is also shown. As can be predicted by Eq. (4.9),
high upconversion efficiencies can be achieved as long as the SOA
input wavelengths are within the SOA optical gain bandwidth. In
particular, as the optical IF wavelength gets close to the optical gain
peak, higher efficiency can be achieved. In Fig. 4.3, the maximum
conversion efficiency is achieved at the wavelength slightly longer than
the gain peak wavelength for 40 dBm input power. It is because the
decreased SOA carrier density by the optical IF and LO signals shifts
the optical gain peak toward the longer wavelength.

Eq. (4.9) shows that the effective recombination rate, ¥y, limits
the SOA conversion efficiency and thus, the conversion efficiency has
an optical IF frequency limit [34]. From Eq. (4.9), the 3-dB modulation

frequency for the conversion efficiency can be derived as

58



3-dB __ 1

IF - 27[ eff
— 1 1+ GIFFIF + GLOFLO (410)
I

As an example, Fig. 4.4 shows the calculated frequency modulation
responses of the conversion efficiency at several SOA bias currents.

"~ increases with SOA bias currents because it is proportional to
the optical gain provided by SOA. In addition, Eq. (4.10) shows that
the modulation bandwidth for the IF-signal upconversion can be also
improved with the increase of the injected optical IF and LO power

levels. The modulation bandwidth for the conversion efficiency cannot

be directly given at present due to the experimental environment. But, it
can be indirectly estimated, since it corresponds to 1/ V3 of the 3-dB

frequency of the SOA cross-gain modulation.

Fig. 4.5 shows the measurement setup and result for SOA cross-
gain modulation response with a network analyzer, where the CW
probe signal is gain-modulated by the RF-modulated pump signal in the

SOA and is used to measure the SOA modulation bandwidth.
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Fig. 4.4. Calculated frequency responses of the frequency-upconversion
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Zehnder intensity modulator, OBPF : optical bandpass filter.
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Since the 3-dB frequency of the SOA cross-gain modulation is about 7
GHz form Fig. 4.5, the 3-dB modulation frequency f, * of Eq.
(4.10) for the conversion efficiency is about 4 GHz. It should be noted
that this IF frequency limit for the optical IF signal does not pose any
problem in applications, because the typical radio-on-fiber systems
have IF frequencies not exceeding the gigahertz range.

The numerical analysis is based on the assumption that the optical
LO source has two optical modes with the desired LO frequency
separation that is much beyond the SOA gain modulation bandwidth.
Thus, the SOA carrier density will not be modulated at the rate of LO
frequency at all. Consequently, no matter how high frequency the
optical LO source has, the conversion efficiency in Eq. (4.9) should not
be affected. In order to verify this assumption, the optical LO source
was produced by the double-sideband-suppressed carrier modulation
and its frequencies were swept up to 70 GHz from 25 GHz in
measuring the conversion efficiencies. As shown in Fig. 4.6, the
conversion efficiency gets degraded after 60 GHz, whose frequency is
of the nominal photo-detection bandwidth of the high-speed PIN PD
(Discovery, DSCIOER) used in measurements. Therefore, the
successful frequency-upconversion is possible as long as the LO

frequency is within the PD photo-detection bandwidth.
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The key characteristics of the proposed photonic frequency-
upconversion can be summarized as follows. First, it can be achieved
with SOA cross-gain modulation and PD square-law photo-detection.
Second, its efficiency is directly attributed by the SOA optical gain and
can be optimized by either controlling the optical LO power or
selecting the optical IF and LO wavelengths within the SOA optical
gain bandwidth. Third, the IF frequency selection is determined by the
SOA gain modulation bandwidth, whereas the LO frequency should be
within the PD bandwidth. Furthermore, the conversion efficiency
would not be much affected by the SOA input light polarization as long

as polarization-insensitive SOA is used.
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Fig. 4.6. Measured LO frequency responses for }_’LO =-10 dBm at A o = 1552
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V. WDM / Radio-on-Fiber Distribution

In the previous section, there has introduced the efficient
photonic frequency-upconversion of optical IF signals with optical LO
signals using SOA cross-gain and PD square-law photo-detection. It is
found that high conversion efficiencies can be obtained by either
controlling the optical LO power or selecting the optical IF and LO
wavelengths within the SOA optical gain bandwidth. Using these useful
features, this section experimentally demonstrates a new distribution
scheme of two 622 Mbps base-band digital WDM channels in a 60
GHz radio-on-fiber system. As shown in Fig. 5.1, WDM data are
wavelength-selectively distributed to base-stations and one 60 GHz
optical LO is shared among base-stations. The optical LO has two
optical modes separated by the desired LO frequency of fio to avoid
dispersion-induced signal suppression as discussed in Sec. II. In the
experiment, the 60-GHz optical LO signal is produced by the sideband
injection locking method, where two of the sidebands produced by the
directly modulated master laser at 10 GHz injection-lock two slave
lasers resulting in two dominant optical modes separated by 60 GHz as
shown in the optical and RF spectra of Fig. 2.5 and Fig. 2.6,

respectively.
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Fig. 5.2. Measured optical spectra for (a) base station #1 and (b) base station
#2 after AWG.

67



Photonic frequency-upconversion of WDM data signals with
optical LO signals are achieved remotely at base stations, which can
eliminate the needs for high-frequency electrical mixers and LO
sources. Two WDM channels are realized by directly modulating two
DFB lasers with 622 Mbps NRZ pseudo-random bit sequence of 2'°-1
bits and multiplexed with the 60-GHz optical LO signals having
different wavelengths. After propagating 20-km long standard single-
mode fiber, the WDM data and LO signals are de-multiplexed with an
arrayed waveguide grating (AWG) in the wavelength domain. Each
WDM channel is delivered to one base station along with the common
optical LO signals as shown in Fig. 5.2. The slight suppression of one
of the optical LO modes is due to the AWG passband (0.4nm) being
narrower than the 60-GHz mode separation (0.48nm).

At the base stations, data signals modulate the SOA -carrier
density as they co-propagate through an SOA along with optical LO
signals. The modulated SOA carrier density, in turn, modulates the
optical LO signals. The SOA cross-gain modulation by the optical LO
signals is negligible since fLo of 60 GHz is much beyond the SOA gain
modulation frequency bandwidth. When the modulated LO signals are
photo-detected in PD, frequency-upconversion of data signals to fio is

achieved. Fig. 5.3 shows the measured RF-spectrum of the frequency-

68



upconverted 622 Mbps data with the 60 GHz optical LO signal for base
station #2. The spectral asymmetry in Fig. 5.3 comes from the fact that
the amplifiers employed in the experiment did not provide flat RF-
gains around 60 GHz.

Fig. 5.4(a) shows the measured bit error rate of the upconverted
622 Mbps NRZ data of Fig. 5.3 that is demodulated by direct-detection
using a schottky diode and then electrically filtered with a standard OC-
12 low pass filter (fc =467 MHz). Fig. 5.4(b) is the eye-diagram of the
recovered 622 Mbps NRZ data when it meets the BER of 10”. The PD
sensitivity will be further improved if the coherent detection method
with an electrical phase lock loop rather than the direct detection as
incoherent detection is employed for the demodulation. The frequency-
upconverted data signals are re-transmitted over 3-meter in free space
using 60 GHz horn antennas. As shown in Fig. 5.5, clear eye-openings
are achieved for both base stations.

Although the present demonstration has only two WDM channels,
more WDM channels are possible as long as their wavelengths are
within the optical gain wavelength bandwidth of SOA used. In addition,
by utilizing different IF frequencies for WDM data, different wireless
carrier frequencies can be provided to different base stations. This

proposed scheme would be useful in radio-on-fiber systems where one
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optical LO signal is shared among multiple base stations addressed by

their wavelengths.
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Fig. 5.3. Measured RF-spectrum of frequency-upconverted 622 Mbps data
with the 60-GHz optical LO signal for base station #2.
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V1. Conclusions

In this dissertation, the novel SOA-based photonic frequency-
upconverter has been proposed. For the understanding of the
characteristics of the proposed photonic upconverter, the numerical
analysis has been made based on the linearized rate-equations of the
SOA, and the experimental verification was qualitatively performed as
well. The major features of the upconverter are as follows: First, the
photonic frequency-upconversion can be achieved with SOA cross-gain
modulation and PD square-law photo-detection. Second, the conversion
efficiency is directly attributed by the SOA optical gain and can be
optimized by either controlling the optical LO power or selecting the
optical IF and LO wavelengths within the SOA optical gain bandwidth.
Third, the IF frequency selection is determined by the SOA gain
modulation bandwidth, whereas the LO frequency should be within the
PD bandwidth. In addition, the conversion efficiency would not be
much affected by the SOA input light polarizations as long as the
polarization-insensitive SOA is used.

Using these useful features, the new radio-on-fiber architecture
has been suggested where the base-band or IF-band WDM data are

frequency-upconverted with a single optical LO source remotely at
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base stations. In order to prevent the fiber dispersion-induced signal
power suppression, the optical LO source under consideration should
has two optical modes that are separated by the desired LO frequency
and are well correlated for low phase-noise characteristics in photo-
detection. The 60-GHz radio-on-fiber distribution of 2x622Mbps digital

WDM channels was experimentally demonstrated.
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Appendix

¢ Fiber Dispersion Effect in intensity-modulation and direct-
detection

The normalized electric field of the optical carrier is written [8]

E =[P e/@+@r) (A.1)

where P is the optical power, @, the angular optical carrier frequency
and @ the optical phase of the electric field. For the Mach-Zehnder
intensity modulator, the optical phase @ changes with the optical power

P so that the chirp parameter o can be defined as

AD="-— . A2
P (A.2)

Eq. (A.2) for the frequency chirp parameter o is also valid for a
semiconductor laser if the adiabatic chirp is not taken into account. In

this case, o is given by [23]
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a=-0N (A3)

where 7 is the refractive index, N the carrier density and g is the modal
gain.

In order to investigate the fiber dispersion effect, the small signal
analysis is performed with Eq. (A.1) and (A.2). When the modulator is

assumed to be intensity-modulated, its output can be written by:
P(t)=PB(1+m,, cos(2nf,,t) with m,, <<1 (A.4)

where F,, m,, and f,, represents the average optical power,
intensity-modulation index, and the electrical modulation angular

frequency, respectively. Eq. (A.1) can be expressed with a Fourier

series by using Eq. (A.2) and Eq. (A.4):
E(t)= D Ao e/ (A.5)

k=—oo

For the case of the small m,,, Eq. (A.1) can be simply re-written:
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E(t):(A_lei/zﬂfml +AO+A+1€/27.met)_e./wcl (A.6)

where 4,, = \/Fosz (I+ jar)/4 and 4, = \/FO Eq. (A.6) shows that

the intensity-modulation of the optical light produces three spectral
components: one optical center carrier at @, and two sidebands
separated by f,, in the optical spectrum. These three components
propagate through the single-mode fiber with the different velocities

due to the fiber dispersion. The propagation constant is expressed by

2 2 p2
B, = f,+ Mo TALKJvo (A7)

Vg c

where v, is the group velocity, D the fiber chromatic dispersion

parameter and A. the center optical carrier wavelength.

The output electric field after the dispersive fiber can be written:

B()= 3 4Rt g (a9

where L, is the fiber length. The fiber loss is not taken into account,

here. The photo-detected current after the fiber can be obtained from
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1,, :RPD|E(t)|2 by using Eq. (A.8). Rpp is the PD responsivity. The

photo-detected electrical power at  f,, 1is given by

7. DL y 1

c

P, = cosz( + arctan(a)j. (A.9)

Eq. (A.9) shows clearly that the photo-detected LO power P, is

periodically suppressed at
c 2 .
(1 +2k— —arctan(a)j with k=0, 1, 2, ...

L=—FS _
! Zﬂchszo 7

as shown in Fig. 1.3 for f;,=30 GHz.
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