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ABSTRACT

Analytic models of directly and externally modulated
fiber-optic links have been derived and experimentally
confiied. The models have been employed to optimize the
operating parameters of fiber-optic links. Experimental
measurements on these optimized links indicated net
incremental link power gains of +3 dB for direct modulation
and +11 dB for external modulation. The implications of these

optimization on other measurea of link performance, such as
bandwidth and noise figure, are also presented.

I. INTRODUCTION

Fiber-optic links are beginning to be used in an
increasing number of RF system applications. A prime
motivation for using fiber-optic links is that optical fibexx per se
offer a number of signifkant advantages, such as their low 10M
and high bandwidth, over other methods of conveying RF
signals. Unfortunately, the many advantages of optical fibers
are presently masked in fiber-optic links by limitations of the
RF-to-optical and optical-to-RF conversion processes. For
example, although the loss of the fiber may be less than 1
dB/km, the RF-optical-RF conversion processes typically
result in a zero-length link loss (i.e., [S211)of 20 to 40 dB. In
order to understand the basis for these losses, incremental
models for the relevant electro-optic devices - laser, external
modulator and photodetector - will be developed. From
examination of these models, it will become apparent which
techniques would be most effective at reducing this loss and
what the tradeoffs will be with other link parameters, such as
bandsvidth and noise figure.

II. INCREMENTAL MODELS

A. Semiconductor ker(l)

In general the optical output power P. from a

semiconductor laser can be related to the current IL. flowing
through the laser by the slope efficiency

rIL(I~ =dP#IL. (1)

For linear modulation, a bias current IB must be provided that
is greater than the laser threshold current IT. The
modulation current II-M is superimposed on IB, resulting

in a total laser current IL = IB + IL.M. If IL.M << IB then

o L(IL) = ~L(IB) = TILB) i.e. ) a slope efficiency that is

independent of ILM. Under these conditions, the incremental
model for a semiconductor laser is simply

Po = ~DILM. (2)

B. Balanced Mach-Zehnder (MZ) External Modulato@

In general the optical output P. from this type of

modulator is related to the optical input power PI and the

voltage VE applied tn modulator electrodes in the foUowing
mannm

P

[

irv~
PO=+ l+ COST

1
(3)

where Vn is a parameter of the modulabzr that depends upon
the specifics of ita design, As with the laser, in order to
accomplish linear modulation, a bias voltage V~B must be
supplied to the modulator with the desired modulablon voltage
VM superimposed on top of the bias: VE = VEB + ‘VM. Since
the transfer function for these devices is periodic, any of a
number of bias voltages could be chosen in principle; typically
the lowest positive one is used, i.e., V EB = Vn12. For

VM << VEB, the incremental transfer function for a MZ
external modulator is

[1

‘I -*VM
Po=~~. (4)

T

C. PIN Photodetecto~3)

Under reverse bias, the current I ~ that flows through a

PIN photodiode is related to the optical power POD incident on

the photodetector via the slope efllciency

q ~ = dI #dPOD. (5)

As this relationship typically is linear over approximately wven

orders of magnitude, rID k independent of P. ~, over this

range. Consequently, the above relationship also holds for
incremental signals.

III. LINK TRANSFER FUNCTIONS AND BANDWIDTH

A convenient measure of link RF-to-RF performance is
the link transducer gain, G = POUT/PIN,A where RXJT is the
RF power delivered to the load at the detector end. of the link
and ~N,A is the available RF power from the RF sourw at the
input end of the link. Because of the optical isolation between
the optical source and detector ends of the link, G can be
expressed as the product of three separately determinable
components:

G =TST;DTD. (6)

TS is the incremental optical source (laser or external

modulator) effkiency; it will be expressed as P~PN ~

where Po is the modulated optical power from the opti&d
source. TD is the incremental detector efficiency; it will be

expressed as p 2 where POI) is the modulated optical
OU’I!POD

power incident on the detector. In both these cases the square
of optical power appears because for all the e lectro-optic
devieea under consideration here, optical power k proportional
to either an RF voltage or current. TOD is the link optical
efficiency it will be expressed as PoD/PO. ToD includes all
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factors affecting the transmission of light from the soume to the
detector such as source-to-fiber coupling efficiency, fiber and
connector attenuation and fibwto-detector coupling effk%ncy.

It turns out that the intrinsic impedance of the eleetro-
optic devices discused above me not well matched to the 50 Cl
impedanw used in many RF systems. Consequently, in
developing these link models, it is desirable to include some
provision for impedance matching. An additional benefit of
matching, if done appropriately, is the reduction or even the
elimination of the link RF-to-RF insertion loss. It has been
found that a convenient mechanism for investigating the
potentials and limitations of impedamx matching is the ideal
transformer.

A. Semiconductor Laser
The incremental circuit model to be analyzed here is

shown in Figure 1. This model assumes that the laser is

‘iNr’’lnn:po
Figure 1. Cimuit for analyzing the incremental modulation

effkiency and bandwidth of a semiconductor laser.

operated at frequencies well below its relaxation resonance

frequency.(4) Consequently the dominant circuit elements arc
the resistance in series with the diode junction RL and the bond

wire inductance LL. Further it can be shown that for IB > IT

the incremental voltage drop across the laser diode junction is
negligible in comparison with the incremental voltage drop

across RL .(5) With these assumptions in mind, a
straightforward circuit analysis yields the following
relationship between po and VIN:

q&L
P=

OR
(

VN (7)
~1 sn~LL/Rm + 1)

where R ~ = n~R L + R ~, rq-. is the turns ratio of the

transformer ands = a + jw, is the complex frequency. The RF

power available from the source is

P ~A = V&4 RN. (8)

Dividing the square of equation (7) by equation (8) yields the

incremental modulation efficiency for a semiconductor laser:

An important special case is when RI-. is matched to RIN via rq,,

i.e., when n~RL = Rm. Under this condition equation (9)

reduces to
P2

[1

o ?12m .
— . (lo)
‘INA RL(sL L/2RL + 1)2

M

It is evident from equation (10) that to maximize this transfer
function, and thereby reduce link RF-tu-RF insertion loss, one

wanta to maximize IILB and to minimize RL - to the extent

possible while SW achieving a match to RIN via nL. However,
a reduction in RL will lead to decreased bandwidth.

B. MZ External Mcdulator
The incremental circuit model incorporating a MZ

modulator is shown in Figure 2. The series elements RSM and
CM represent the resistance and capacitance, respectively, of
the modulator electrodes. The parallel resistor RpM represents
the resistive termination that is commonly used with these
modulators. A straightforward circuit analysis yields the
following rekilionship between PO and VIN:

and

R
T2

= n2MRpM + Rm

‘~(RpM+RSM)+n~~RpMRSM
R

T3 = R T?
LL

In general RF matching would require

Rm=n~Re[RpMll(RsM + UCShJ]”

fl,~ :

‘NDnMmc’pO

Figure 2. Circuit for analyzing the incremental modulation
efficiency and bandwidth of a MZ external modulator.

Signifkantimightinto the matching options can be gained by
considering two limiting cases:

1.) parallel match, where nfiR ~hl = R ~

2.) series match, where nfiR ~M = R ~.

1. MZ with arallel III- To achieve a parallel
match it is requir~d that IRSM + l/sCM I >> ~M .

However, since in general RSM < RpM, the condition for

parallelmatchcan kret%wdto ~CM/-l >> RPM . Using this
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condition to simplify equation (11), then squaring the result
and dividing by equation(8) yields the incremental modulation
efficiency for a parallel-matched MZ modulator

[&]-‘[~]2[~)=[~]2RpM(n,

M,P

To maximize this modulation efficiency, one must maximize

f% minimize Vm, and make RpM as large as possible consistent
with the parallel match and frequency response requirements.

Also nOte that this efficiency is maximized for nM < 1;

consequently one actually wants a step-up transfomwr, rather
than the step-down one indicated in Figure 2. Traditionally,
the parallel match case has been used with nM = 1, i.e.,
RpM = RIN.

2. MZ with series match To achieve a series match, it

is required that IRSM + l/sCMl << RPM. Since RSM <

RPM, a tighter mnstmintis ~CM1-’ << RpM,i.e., the series

approximation is valid at least for w > (CM R PM) -1. I n

order to match to RSM, the RSM - CM loop cannot be operated
at frequencies where CM appears to be an open circuit.
Therefore the minimum frequency of operation for a series

matchis co > (CMRSM)-l. Thus while the parallel match--- --m-
ust operate in a low-pass mode, the series match must operate
in a high-pass mode. By using the above conditions to
simplify equation (11 ), squaring the result and dividing by
equation (8), we get the incremental modulation efficiency for a
series matched MZ modulatcm

[~] ‘[%]’[s;&, ]=[%1’s’.21,~
M,S MIN N4 SM

(13)
In contrast to the parallel match case, for the series match case
the incremental efficiency is maximized by increasing the step-
down ratio, i.e., nM >1 and minimizing RSM, both to the
extent permitted by the series match and frequency response
requirements. Although equation (13) was derived for a

specitlc circuit, it can be shown(6) that equation ( 13) represents
the optimum modulation efficiency for any passive matching
circuit.

C. PIN Photcdiode
The incremental circuit model for the photodiode is

shown in 13gure 3, where Rsl) is the photodiode series
resistance and CD is the diode capacitance. A straightforward
analysis of the components in Figure 3 yields the

‘pO=TOD-pODt-k-YJRo’J

photodiode incremental modulation effkiency

P n~R ~mr12D

$=

(14)

~c4RSD ‘n~RwT) + l]z”

As with the previous cases, equation (14) makes clear the
tradeoff between maximizing modulation efficiency - by
maximh@ the turns ratio n~ and the simultaneous reduction in
bandwidth that result from increases in nD. The bandwidth
consequence follows because Rs 1) is the same order of
magnitude as ROUT.

IV. NOISE

In this section the noise factor of directly and externally
modulated links will be derived. For all cases there are three
dominant noise sources: the thermal noise of the resistive
component of the source or modulator, the shot noise at the
photodetector, and the laser’s relative intensity noise (MN).
The thermal noise of the output load Ro~ is usually negligible
compared with the shot noise; therefore it has been omitted.

The mean-square thermal-noise voltage E ~ of a resistor R per

unit bandwidth is 4kTR. The mean-square shot-noise

current I ~N per unit bandwidth can be expressed

as I’ P , where P ~ is the average optical= 2qn DTOD ~

powe%f the soume. The laser RIN depends upon a number of
laser parameters and operating conditions. In general, for

semiconductor lasers RIN (p ~ decreases as ~03 for IB > IT

-1
and as P. for IB >> IT. The RIN for solid-state lasers is

negligible.

The link noise factor F can be expressed as

F = 1 + NNo/NIG (15)

where NNO is the noise power at the link output with the RF
source noise power NI set equal to zero and C, is the link
transducer power gain. Link models, including the dominant
noise sources, are shown in Figure 4.

The results of an analysis for each of these circuits can be
expressed in the following general form

where n is the turns ratio for matching the RF source inti the
laser or modulator. An important special case occurs when the
laser or modukttm resistance R is matched to the RF source and
the RF source and load are matched, i.e., when

n’R = RIN = ROUT. (17)

Applying condition (17) to equation (16) results in the matched
noise factor

@~

‘M ‘(l:N ‘l&)$“ 2 + kTGM (18)
Figure 3. Circuit for analyzing the incremental modulation

efkiency and bandwidth of a PIN photodiode.
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where @is G under the matched conditions of equation (17).
The factor of 2 (which corresponds to a noise figure of 3 dB)
represents the thttdamental limit for a passively matched input.
Clearly, reductions in the link loss (i.e., increases in %) are
necessary in order for FM to approach the 3 dB limit.

4!!13’O’WQ”IJ=U
(a)

(c)

Figure 4. Cirettits for analyzing the noise figure of a (a)
directly modulated link and an externally modulated link with
(b) parallel and (c) series match.

In order to calculate FM, explicit expressions for GM
for each of the links discussed in Section 111are required. For
the directly modulated link the matched link transfer function
GD,~ is a product of the laser and photodiode modulation
efficiencies - equations (10) and (14), respectively. Over a
frequency range where the frequency dependent terms in both
these equations are negligible, @,~{ can be expressed as

G 2 2 T2 ~2n2
D, Id ‘nLQLB OD D D“

(19)

For the externally modulated link, the gain expression
will depend upon the matching option. Under parallel match
conditions, the matched link transfer function GEp,M is the
product of equations (12) and (14). Again neglecting
fmqttency dependent terms, we get

Under series match conditions, the matched link transfer
function GES,M is the product of equations (13) and {14).
Negle&ng frequency dependent terms, we get

Although equations (19-2 1,) have the same geneml
form, there is a fundamental difference between equation ( 19)
and (20),(2 1). In the latter two equations the gain depends

upon the square of the average optical power since ~ /2= p{),

whereas equation (19) is independent of ‘P.. The importance

of this observation can be appreciated by recalling from the
introduction to Section 1V that shot noise is proportional to

P.. Consequently, its effects can be reduced in principle to

.2

arbltrady low levels by increasing P., since G ~ ~1= F ~.

V. CONCLUSIONS

Incremental device models ot’ the basic elcctro-optic
components used in fibrm-opt~c links - diode laser. external
modulator and photodiodc - were dcrivecl Irtcrcmenta! !ink
models were framed frrrm these device modeis. For both ciirect
and externally modulated liiks it can be seen that there m-c
simiktr tradeoffs between link transducer gain G and RF
bandwidth. Examination of these modc]s also indicates that
there is no fundamental reason why ~J must be less than one.
For both types of links, impedance matchinS can he used to
reduce link loss @hereby increasing G). Externally modulated
links offer an additional mechanism for increasing G since in
these links G depends upon the square of the average optical
power. Increasing G by any of the methods prcscntcc! rdmvc in
either type of link will improve the link noise figure.
However, t’or the externally modulated link. G can be made to
increase faster than increases in the photodetector shot noise,
thereby permitting, in principle, link noise figures that m-c
arbitrarily clcise to the fundamental liiit.
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