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ABSTRACT

We present and experimentally verify a generrd analytical

signal and noise model for an external modulation fiber optic
link that includes an optical component with gain or loss, and

arbitrary lossless matching circuits at the input and output.

I. INTRODUCTION

System designers must know the impact of fiber optic link

signal and noise behavior if such links are to replace con-
ventional metallic waveguides in radar and communications

antenna remoting applications. An RF fiber optic link consists
of several active devices, includlng an optical source and

electro-optic modulator (a single device in the case of a
directly-modulated semiconductor laser, or a separate source

and external modulator) and a high-speed photodetector. It
may also include other optical components such as polarizers,
isolators, optical amplifiers, and filters. Each optical com-
ponent affects the signal and noise performance of the link.

Cox et al. [1] derived a set of signal and noise equations for a

lumped-element modulator-based external modulation link

with optimum single-frequent y matching circuits at the input

and output, which leads to a minimum noise figure of 2 (3

dB). Betts and O’Donnell [2] later showed the minimum noise
figure could be reduced below 3 dB by “de-tuning” the
lumped-element modulator matching at the expense of some

link gain. Experimental results in both cases were at frequen-

cies below 1 GHz. For higher frequencies, use of a traveling-
wave modulator results in better link performance [3].
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In this t)auer, we give a general analytical model of the gain,

noise pbwer; and ;oise f;gure of an e_xtemal modulation ~lber

optic link using arbitrary Iossless (reactive) networks at the
traveling-wave external modulator input and detector output.
The model includes the detector thermrd noise contribution to

link noise figure. In external modulation links employing low-

noise solid-state lasers, it is often the detator thermal noise
that dominates the link’s output noise power (and thus its
noise figure). The model also accommodates a general two-
port optical component rep~sented by its gain Go, noise figure

Fo, and bandwidth Bo. This two-port can consist ofi an active

device such as an optical amplifieL a spectrum-modifying de-

vice such as an optical filte~ a passive optical component with

loss, in which case its noise figure F. equals its loss l/Go, OK

a combination of such devices, in which case calculation of the
total cascaded gain and noise figure depends on minimization
of optical reflections in the chain.

II. LINK EQUIVALENT CIRCUIT

Figure 1 shows the fiber optic link equivalent circuit model

used as the basis for our analysis. The modulator’s traveling-
wave electrodes have length ~, characteristic impedance ~,

and termination impedance Zt. A lossless circuit with loaded

current transfer function HM((0) resides between the RF
source and the modulator electrodes. From its loaded input

and output ends this circuit has impedances ZM,i(Ol) and
ZM,O(0)), respectively. A signal voltage source Vin,m~ with
impedance Z~ drives the modulator. With the real part of ~n

is associated a mean square noise voltage eEi112>, where

(E~~=4kTBRin. (1)
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Figure 1 External modulation link equivalent model including two-port optical component and
loaded current transfer functions HM(OI) and HD(co).
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In (l), k is Boltzmann’s constant, T is the absolute tempera-
ture, B is the electrical bandwidth, and Rin is the real part of
Ziw Likewise, with the real part of the modulator termination

impedance is associated another thermal mean-square noise

voltage <EM2> calculated similarly. A paper presented in

1994 [4] explained all other terms shown the Figure 1 model.

III. SIGNAL ANALYSIS

For small RF signals, the magnitude of RF modulation on the

optical output of a Mach-Zehnder interferometric modulator is:

(2)

The last term in (2) is somewhat different for directional and y-

fed coupler modulators [5]. Vb is the difference between the

DC bias voltage and the quarterwave DC bias voltage (so that
Vba defines the quarterwave bias point), c@t is the OptiCd

insertion loss of the modulator, and PL, is the laser optical

power available at the modulator’s optical input. Vn is the
halfwave on-off switching voltage, which is different at DC

than at high frequencies due in part to velocity mismatch be-
tween the RF signals in the electrical and optical waveguides.
Defiiing the normalized velocity mismatch as & the frequency

dependent halfwave voltage can be calculated as follows [3]:

In (3), Ge, %, ~j, rco, and ~, are the modulator’s copkmar

electrode gap, effective optical waveguide index, electro-optic
tensor, electrical-optical field overlap integral, and lossless
microwave propagation constant, respectively, and Lopt is the

optical wavelength. ZM(rD,z) is the modulator impedance at

the RF frequency as seen from a distance z from the termina-

tion load Zt, and can be approximated as follows for devices

with relatively short or low-loss traveling-wave electrodes [6]:

(4)

The transducer gain, Gt, of the link is the ratio of power

delivered to the load to power available from the RF source.
Using the equivalent circuit shown, the derivation yields [4]:
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where hut is the real part of Zout, and where:

Rj
Z~i(@) =

l+j~Rj Cj -

(5)

(6)

IV. NOISE ANALYSIS

Six terms contribute to the noise power No at the link outpufi
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0
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The first term in equation (7) represents thermal noise at the

output due to the input terminals. The second term is the

thermal noise contribution from the modulator termination

impedance. The third term arises from the detected relative

intensity noise (RIN) output of the optical source. The fourth

term is the detected noise generated by the optical componen~

the noise figure and optical bandwidth of the optical compo-
nent appear in this term, and can be sufficiently large to cause
the noise power due to this component to dominate the link
noise figure. The fifth and sixth terms are the shot noise and

detector thermal noise contributions, respectively.

The noise figure F, deftned as signal-to-noise ratio degradation

in the link for an input thermal noise of kTB, is therefore
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A. Opt imallv Matched Inuut/outuut C ircui~ at Vba for perfect balancing, and:

If the link is ideally matched at a single frequency, then:

bMl 2= ‘0
ZM(tO,L.)

;lH~2=~, ~d; Rin=&Ut=~. (9)

If the detector junction resistance Rj is assumed to be infinite

for all practical purposes, then equations (5) and (8) Educe to:

and

[1
~Vb

RIN v#(to)
l+sin —

F=2+
V.(DC)

kT X2 lZM(QLe)l 1 _ sin fi
V.(W
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1

+
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+1. (11)
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B. Ouarte rwave Bias Poin~

Equations (5) and (10) show that Gt is maximum when the
modulator is biased at the quarterwave bias Vb=O.
Examination of equations (8) and (11), however, shows that

the bias for lowest noise figure can occur between the quarter-
wave and pinch-off voltages (O and –Vn(DC)/2, respe@ively).
The complexity of external modulation link performance

dependence on modulator DC bias was discussed in another

paper [7]; in thk paper we proceed assuming operation at the

quarterwave bias point, which simplifies equations (5)-(11).

c. Balanced Receiver Architecture

Using a modulator of either the directional- or y-fed coupler
variety, both of which have two optical fiber outputs, it is
possible to construct a link using a balanced receiver in which

the signal components of the two optical fibers add up
constructively while the noise components add up destruc-
tively. This link architecture has zero output noise due to laser
RIN when perfect balancing is achieved and the modulator is
operated at its quarterwave bias voltage [8]. Consequently,

low external modulation link noise figure does not require a

1ow-RIN solid-state laser such as a Nd:YAG. A compara-

tively small and inexpensive semiconductor laser (which can
be integrated into the modulator package) can be used to

achieve the same gain and noise figure (if PL, is the same):

(12)

Fh~ 2 +
4 q V%(D) +2_. (13)

kT Z* %pt Go TID KM(61,L,] pL ‘t

V. EXPERIMENTAL VERIFICATION OF MODEL

In [4] we experimentally verified that the equivalent circuit
modeling technique we employ accounts for the effect upon
link performance of ideal impedance matching at a single
frequency vs. non-ideal matching across a broad band vs. no “
impedance matching. We rdso measured the effects of optical

component gain, noise figure, and bandwidth on link
performance and proved our model’s ability to predict these
effects. Moreover, the measured impact of using the balanced

receiver architecture to cancel detected RIN was shown in [8]

to verify our predictions+ What remains is to prove that the

model given by equations (1)-(11) reflects the complex extent

to which external modulation link performance depends on the

optical power illuminating the detector.

To experimentally verify this aspect of our model, we
constructed an external modulation link using the following
components: an AMOCO Nd:YAG (L=l .3pm) laser with
single-mode output fiber pigtail; a JDS Fitcl variable optical

attenuator; a polarization rotato~ a single-output United
Technologies Photonics y-fed coupler traveling-wave
modulator, and; a single Epitaxx InGaAs p-i-n backfacet-

illuminated photodiode reactively matched to 50 Q at 10 GHz.

We selected the NdYAG laser in our experimental link not for

its low RIN but rather for its high optical power output.

Using this laser in conjunction with the precisely variable
optical attenuator allowed us to measure link performance at
detector illumination levels ranging .from less than -50 dBm up

to the detector’s darnage threshold (about +8 dBm).

In Figure 2 we show the modeled effect of detected optical

power upon external modulation link output signal and noise
powers at 10 GHz, predicted by substituting the listed device

parameters into equations (5) and (8). Measured data points

are also plotted at selected detector illumination levels (shown
as triangles), showing excellent agreement with the model.

The portion of the signal-to-noise ratio curve having a slope of

2 corresponds to detector illumination levels at which the

output thermal noise power limits the link dynamic range.

At the very high input powers (up to +10 dBm), the FUN of
the laser limits the dynamic range, resulting in a flattening of
the signal-to-noise ratio curve because the RIN noise and the
gain increase at the same rate with respect to detector
illumination. The laser we used had a higher IUN at 10 GHz
(-155 dB/Hz) than some YAG lasers. For lower-RIN (<-160

dB/Hz) lasers, the upper end of the curve would be shot-noise
limited and would have a slope of 1. The difference between

the measured and modeled data is probably due to the fact that

we modeled the modulator traveling-wave electrodes as a
lossless transmission line when in fact the 10 GHz attenuation
is probably fairly substantial.
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Figure 2 Measured and predicted signal and noise power, and signal-to-noise ratio
experimental link at 10 GHz, as a function of detected optical power.
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