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Dynamic Range of Optically Amplified
RF Optical Links

Delfin J. M. Sabido, IX Member, IEEEand Leonid G. Kazovskyrellow, IEEE

Abstract—We investigated, theoretically and experimentally, ~ The RF signal modulates the optical carrier via an LiNbO
the effect of optical amplification on the dynamic range perfor- Mach—zehnder amplitude modulator. A polarization controller

mance of both externally modulated direct detection and coherent s ;e to align the polarization of the laser light to that allowed
RF optical links. Our results show that, for low- to medium-loss

links, a direct detection link with or without an optical amplifier, by the modulatpr. From the modulator, the optical SiQ”a' travgls
depending on the loss range, gives the best dynamic range. Forthrough an Opt|Ca| attenuator used to Va.ry the rece|Ved 0pt|Cal
high-loss links, the best link to use is a coherent link with the power and link loss, several meters of optical fiber, and to the

optical amplifier after the modulator. We also showed that the optical receiver. Angled optical connectors are used throughout
position of an amplifier is an important design parameter; it the optical link to minimize reflections.

determines whether or not an optical amplifier improves the link’s L .
dynamic range. A complete description of the direct and coherent detector

receivers shown in Fig. 1(a) and (b), respectively, including the
component specifications and parameters, and the WIRNA re-
ceiver is given in [2].

Index Terms—Analog systems, erbium, microwave technology,
optical amplifier, optical communication, optical fiber amplifier,
optical fiber communication, optical signal processing.

. INTRODUCTION B. Optical Amplifier

IGH-PERFORMANCE analogopticallinksare neededfor The two most popular types of OAs that have been devel-

many broad-bandwidth microwave and millimeter- waveped to date are: 1) erbium-doped fiber amplifiers (EDFAs) and
systems and applications. The use of optical amplifiers (OAs)#) semiconductor optical amplifiers (SOAs). Of the two, EDFAs
these links could improve their performance. OAs can be used®ye found the widest use since they give better link perfor-
in-line amplifiers, boosters of transmitter power, preamplifiers &tance [3], [4]. Therefore, EDFAs rather than SOAs are used
the receiver, and compensators of distribution losses. in our studies of the impact of using OAs in RF analog links.

Previous works on optically amplified RF optical links have As shown in Fig. 1(a) and (b), optical amplifiers (OAs) can

concentrated on the use of OAs in digital systems and on suie placed in the following positions in the direct detection and
carrier multiplexed (SCM) direct detection analog links onlgoherent AM links:

(please refer to [1] for a summary). In this paper, a unified in- 1y oA after the transmitter laser, to boost the signal power
vestigation into the impact of OAs on the dynamic range of both going into the electrooptic modulator (EOM):

direct detection and coherent analog optical links is presented.z) OA after the EOM, to amplify the signal going out into
Can OAs improve the performance of direct detection and co- the transmission fii)er'

herent links? Does the positioning O_f_ an OA affect the overal! 3) OA before the optical receiver as a preamplifier, to am-
link performance? Under what conditions should one use a di- plify the signal at the receiver
rect detection link or a coherent link? These are some of the )

issues that are investigated in this paper. The performance at positions 1) and 2) could differ significantly
in certain systems wherein the EOM is in a remote location (see,
Il. SYSTEM DESCRIPTION e.g., [5]). For the coherent link, there is one additional position:
4) OA after the local oscillator (LO) laser, to amplify the optical
A. Direct and Coherent Detection Systems output of the semiconductor LO laser. This position is especially

The block diagrams of the direct detection and coherent Rglevant for coherentreceivers using remotely located LO lasers.
analog optical links we constructed and investigated are shownT he location of the OA is an important design parameter since
in Fig. 1(a) and (b), respectively. The transmitters are identicalifnaffects the amplified spontaneous emission (ASE) noise col-
both cases but the receivers are different. The system paramdggtgd at the receiver and the received optical power. To max-

are given in Table I. imize the signal-to-noise ratio (SNR), the amplifier should be
_ _ _ positioned where the signal power is still much greater than the
Manuscript received January 5, 2001; revised May 25, 2001. noise power of the amplifier, but not where the received signal
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Fig. 1. (a) Block diagram of the experimental direct detection RF analog optical link constructed. (b) Block diagram of the experimental coHaHRNAM-
RF analog optical link constructed.

I1l. DYNAMIC RANGE ANALYSIS wherem is the RF modulation index. For the links shown in

In an RF analog optical link, the two main causes of pegg. 1(a) and (b), the maximum RF power is usually limited

formance degradation are system noises and link nonline Y—the nonlinearity of the EOM [6]. SFDR is experimentally

ties. Since noise and nonlinearities are inter-related, the Sm@asured using the setup given in [2].

rious-free dynamic range (SFDR), a performance measure tﬂ"?‘tDynamic Range of the Direct Detection Link
considers both these effects, is considered the main measure of ) ) ]
link performance. The SFDR is a measure of the variation in theF°!loWing the analysis presented in [7], the SFDR for the

RF signal level that can be carried by the link and is given bydirect detection link, i.e 3FDRyq, employing a single OA is
) given by (see Table Il for symbol definitions)
Maximum RF Power

SFDR = —— 2/
Minimum RF Power SFDR,, — 4 [W} / .
_ REPower|ivp=noise naaB
REPowet|signal—noise whereny, is the total power spectral density (PSD) of the addi-

tive noise at the output of the photodetectgy; is the sum of all
the noise components in the direct detection link (in other words,

_ m2|IMD:rloise (1)

m? |signal=n0ise
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TABLE |
SYSTEM PARAMETERS FORSFDR VERSUSLINK LOSSMEASUREMENTS
FOR EDFA-BASED LINKS

Parameter Value

RF signal frequencies 900 MHz, 1000 MHz
Transmitter laser power 2mW
Transmitter laser linewidth 7.9 MHz
Transmitter laser RIN -153 dB/Hz
EOM optical insertion loss 5dB

EOM V, 8V

EOM bandwidth 5 GHz
EOM optical return loss >50dB
EOM waveguide ends angled

LO laser power 500 pW
LO laser linewidth 20 kHz

LO laser RIN -148 dB/Hz
EDFA pump configuration Backward pumping
EDFA pump wavelength 1480 nm
EDFA output saturation power | 14 mW
EDFA 3 dB optical bandwidth |35 nm
EDFA Gain 35dB
EDFA noise figure 10dB

PD max input optical power 10 mW

IF bandpass filter bandwidth |3 GHz
Lowpass filter bandwidth 1 GHz

Ndd = Tsig, sh T Tsig, RIN T Msig—ASE T 77ASE, sh T JASE—ASE T
7). These noise components are as follows.

1) Shot noise due to the signal laser:

Tlsig, sh = 2(]R(PTGTL) (3)

2) Relative intensity noise (RIN) due to the signal laser:

Nsig, RIN = R*(PrGrL)*trin. 4)
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In the foregoing expressiongyy = 10%N/10[8], Sy gp 1 is
the PSD of the ASE noise of the OA in the transmitter path given
by

Sase, T = (Gr — L)nsp, vhu. 9)

B. Dynamic Range of the Coherent Link
The resulting SFDR for the coherent link is given by [7]

SFDR.q
_y AR*GEPALAG2 o P, 2/
32R2GTPTLGL0PL077CdB+ 16772dB(4BIF—B)

(10)

wherer,.q is the PSD of the additive noise at the output of the
photodetector of the coherent optical receivgy;is comprised
of the following components [9].

1) Shot noise due to the LO laser:

1M.0,sh = 2¢R(PLoGro). (11)
2) RIN due to the LO laser:
1
L0, RIN = ZRQ(PLOGLO)QtRIN- (12)

3) Beat noise between the LO laser and the ASE noise:
Mo—ase = 4R*(PLoGro) - (Sask, T + Sase, 1o)-  (13)

4) Beat RIN between the LO laser and the signal laser:

M.O—sig, RIN = %RQ(PTGTL)(PLOGLO)tRTN- (14)
5) Shot noise due to the signal laser:
Tsig, sh = 2¢R(PrGrlL). (15)
6) RIN noise due to the signal laser:
Tsig, RIN = %RQ(PTGTL)QtRIN- (16)

7) Beat noise between the signal laser and the ASE noise:

3) Beat noise between the signal field and the ASE noise:

Neig—ask = 4R*(PrGrL)Sask, T (5)
4) Shot noise due to the ASE:
NAsE, sh = 4qRSasp, 7B,. (6)
5) Beat noise of the ASE:
nase—ase = 4R*S3sp 1Bo. (7)
6) Thermal noise:

4kTF
T = 7— . 8)

Neig—ask = 4R*(PrGrlL) - (Sase,r + Sase,1o).  (17)
8) Shot noise due to the ASE:
nask, sh = 4qR(Sase, T + Sase, 10)Bo. (18)

9) Beat noise of the ASE:
nasr-ase =4R*(Sisk, v+ Sisk, 1.0+ SAsE, TSASE, 1.0)Bo.
(19)
10) thermal noise:

4ETF

Thth = — (20)

wheretgiy = 10RIN/10, SASE, T, andSAsE Lo are the
PSD of the ASE noise of the OAs in the transmitter and
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TABLE I
DEFINITIONS OF THEVARIABLES
NOTATION NAME
R Photodetector responsivity
Py Optical power of the transmitter laser
Gr Gain of the optical amplifier in the transmitter laser path
L Link loss in the transmitter laser or signal path
Signal bandwidth
Electron charge
RIN Average RIN of the transmitter and LO lasers
B, Optical bandwidth
ng T Sporitaneous emission factor of the OA in the transmitter laser path
h Planck's constant
v Frequency of the signal
k Boltzmann's constant
T Temperature of the optical receiver
F Noise figure of the electrical amplifier/amplifier chain following the
optical receiver
r Load resistance of the optical receiver
Pro Optical power of the local oscillator laser
Gro Gain of the optical amplifier in the LO laser path
Bir IF bandwidth
Nsp, LO Spontaneous emission factor of the OA in the LO laser path

LO laser paths, respectively. The PSQsk, 1 is given  Linkloss can easily be converted into the number of destinations

by (9); similarly,Sask, 1o is expressed as or splits for distribution systems and into transmission distance
for point-to-point links. So, if one wants to build a system with
Sask 1o = (Gro — 1)nep, Lohv. (21) a prescribed number of splits or transmission distance, the plot

of SFDR versus link loss shows the best configuration.

Since we are only considering the use of one optical amplifier Fig. 2(a) and (b) shows the SFDR versus link loss measure-
atatimeGr.o = 1 when the amplifier is in the transmitter pathments for the direct detection and coherent links, respectively;
andGr = 1 when the amplifier is in the LO laser path. Table | enumerates the system parameters. The data in our

The total additive noise density in a coherent receiver with axperiments were collected for received optical powers up to
optical amplifier,n.q, is the sum of all the noise terms given inl mW,; at higher power levels, the photodetector used in our

(11)—(20): receiver saturates or is damaged. It is for this reason that some
configurations do not have data for low link loss values. For
Ted =TLO, sh + TLO, RIN + TLO—ASE + NLO—sig, RIN both direct detection and coherent links, with an EDFA before

or after the EOM, we increase the optical power going into the
fiber; this enables the links to handle larger losses. Because of
the loss in the modulator, the link with an EDFA after the EOM
has a higher power into the fiber and can handle greater link
loss than the links with the EDFA before the EOM.

The effect of the approximately 10-dB loss in the EOM is

A systems designer’s problem can be formulated as follonaearly seen in the direct detection case; the separation between
what is the best RF analog link in terms of the SFDR, givethe two curves, for the link with the EDFA before and after the
the transmission distance (for a point-to-point link) or the tot&lOM, is 10 dB. This phenomenon is not quite obvious in the
number of subscribers (for a distribution system)? The answeaherent link, since the performance of the link is affected by
to this question is discussed below by presenting measurementtger effects such as the RIN of the lasers and the much larger
of the SFDR versus the link loss for optically amplified linkseffect of the LO-ASE, signal-ASE, and ASE—ASE beat noises.

+ 7/]Sig, sh T+ 7/]:;ig, RIN + 7/]:;ig—ASF) + TIASE, sh
+ ASE—ASE 1 Tth- (22)

IV. DYNAMIC RANGE VERSUSLINK LOSS
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Fig. 2. (a) Spurious-free dynamic range versus the link loss for the direct
detection link, with the OA at different positions. (b) Spurious-free dynamic
range versus the link loss for the coherent AM link, with the OA at different To summarize the results presented in Fig. 2(a) and (b), let

positions. us compare the performance of the best four links for specific
ranges of link loss. The results are replotted in Fig. 3 and stated
The main difference between the direct detection and the dB-Table 1. Due to the optical power limit that can be accepted
herent links is the flattening of the curves in the low-loss rdy the photodetector, no data for link loss less than 7 dB, for a
gion for the coherent case because of the impact of RIN for tH#ect detection link with the OA before the EOM, was obtained.
single photodetector receiver. Overall, an EDFA still extends titowever, we can confidently say that for low-loss links (for link
link-loss margin that can be handled by both direct detection alégs less than 7 dB), a direct detection link without any OAs
coherent links. gives the best performance. As the link loss decreases, the SFDR
For both direct detection and coherent links, the EDFA in tH¥ links without OAs improve linearly, while the SFDR of links
receiver gives poor SFDR performance because of the LO—A%¢th OAs will saturate and worsen due to the following reasons:
signal-ASE, and ASE-ASE noises. This is due to the fact that1) ASE noise begins to dominate;
when the input power to the EDFA is smaller, the impact of 2) RF amplifiers and other RF components at the receiver
the amplifier's ASE noise is stronger. Also, more ASE noise may saturate resulting in increased nonlinearities;
is collected at the receiver as compared to the cases when th8) breakdown of the photodetector;
EDFA is before and after the EOM, since for the latter cases the4) regarding coherent links, the degradation caused by laser
link loss attenuates the ASE noise while for the former all the RIN.
ASE noise generated goes into the receiver. For low to medium link loss (between 7-13 dB), a direct de-
Similar reasons explain the performance of the cohererttion link with the OA before the optical modulator gives the
AM link with the EDFA after the LO laser: the signal-ASE best performance, while for medium to high link loss (from 13
LO-ASE, and ASE—-ASE noises deteriorate the system perfts-28 dB), the best link to use is a direct detection link with an
mance significantly; all the ASE noise generated is collected [BA after the optical modulator. Once again, the choice is due to
the photodetector since the EDFA is located at the receiver. Ti@v much ASE noise and/or RIN is collected at the receiver. For
performance of the coherent link with the EDFA after the L@arge loss links (for link loss greater than 28 dB), the link with
laser is slightly better than when the EDFA is in the receivethe best performance is the coherent AM—WIRNA link with an
since the input power to the EDFA is larger when the EDFA BA after the optical modulator. This is due to the better receiver
after the LO laser. sensitivity of coherent detection.
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