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Abstract— We fully analyze the analog performance of an

external modulation fiber-optic link. We express relevant fignres

of merit—including gain, noise figure, third-order intermodu-

lation distortion, AM compression, and dynamic range—in terms

of the microwave scattering matrices of the modulator and

detector circuits, and we predict the modulator bias condition
promoting optimum link performance. Our predictions match

the measured gain, noise figure, and dynamic range of an experi-
mental 870-930 MHz external modulation fiber-optic link. Max-

imum spurious-free dynamic range— 77 dB . MHz2/3 (117 db
. Hz2/3)—occurs when the modulator is biased at its halfwaye

voltage, where the optical throughput is nearly pinched off.

I. INTRODUCTION

I N medium- and long-haul telecommunications systems and

local area networks, fiber-optic links offer many advantages

compared to coaxial cables and other metallic waveguides;

these include low attenuation at high data rates, low suscepti-

bility to electromagnetic interference, small size, light weight,

and compatibility with optical processing schemes. To realize

these benefits in a microwave or millimeter-wave phased array,

there is now a considerable development effort focused on

improving the microwave performance of the fiber-optic links

that interconnect high-fidelity communications subsystems in

the array [1].

The use of LiNb03 integrated optical devices to modulate

the light in optical waveguides has produced microwave fiber-

optic links with high gain and very broad dynamic range.

Betts et al. [2] reported 11 dB of gain and a spurious-free

dynamic range of 104 dB in a 10 Hz bandwidth (i.e., 71 dB .

MHz2/3 or 111 dB . Hz2/3) for a 60 MHz fiber-optic link

employing a lumped-element interferometric modulator. A

modulator with a traveling-wave electrode structure imparted

comparable dynamic range and 35 dB insertion loss to a

20 GHz fiber-optic link [3]. We have demonstrated O dB of
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microwave gain for a 900 MHz external modulation link in

which the modulator was biased as its “linear” quarterwave

bias point. We had predicted this performance using a signal

flow diagram modeling technique which we developed [4].

However, we had not emphasized how the model allows us to

also predict the effect of the modulator dc bias voltage upon

the link’s spurious-free dynamic range.

Kolner and Bloom [5] modeled the effects of biasing

the modulator away from its quarterwave voltage, and at a

given input signal power they plotted the external modulation

link’s signal-to-noise ratio, S/N, and minimum detectable

signal voltage, Vmin, as a function of the dc modulator

bias. They also predicted the limits to S/N imposed by

the modulator’s nonlinearity (these limits define CDR, the

compression dynamic range), but not the extent to which

this nonlinearity creates harmonics resulting in intermodula-

tion distortion that also limits SIN (and defines SFDR, the

spurious-free dynamic range). Bulmer and Burns [6] defined

and thoroughly investigated intermodulation distortion and

spurious-free dynamic range for an external modulation link,

but did not predict superior performance resulting from a

nonquarterwave modulator bias voltage. Kolner and Dolfi [7]

later added the intermodulation distortion effect to the model in

[5] and predicted optimum modulator performance, including

spurious-free dynamic range, at a bias level comparable to

the halfwave switching voltage. Their quantitative predictions

were only accurate, however, at frequencies for which the

impedance discontinuity at the input to their electro-optic

modulator was 500 ~ 22 0.

We model the effect of the modulator bias voltage on link

performance using the microwave scattering parameters of

our modulator and detector circuits, which we can determine

at any frequency from straightforward manipulations of net-

work analyzer measurements [4]. In this paper, we present

a comprehensive microwave analysis of external modulation

link performance as a function of frequency, including the

effect of operating the modulator away from its quarterwave

bias point where most results have been reported. We predict

the optimum bias voltage at which to operate an LiNb03
lumped-element Mach–Zehnder interferometric dev~~e modu-

lating the optical carrier supplied by a Nd:YAG (~ = 1.3 ,urn)

laser. Predictions we have made using this model ag,ree

with the measured analog performance of an experimental

870–930 MHz external modulation link.
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IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 41, NO. 8, AUGUST 1993

Lasa Interferometric Modatator

t
- Optical Fiber

(a)

(c)

-r--i-’
(b)

( Cut,op

PIn,cp

I

_L

&

Vb
o

2
L
2 Linear region of operation

‘~ ‘b + ‘mSinm
--l I--vm

(d) (e)

(f) (g)

Fig. 1. Analytical model of external modulation fiber-optic link (after [4]): (a) schematic diagram; (b) equivalent circuit model of impedance-matched

modulator in the optical transmitter; (c) equivalent circuit model of impedance-matched detector in the optical receive~ (d) relationship between optical output
power and applied voltage for a Mach–Zehnder interferometric modulator; (e) relationship between optical input power and photocurrent for a reverse-biased

p-i-n detecto~ (a signal flOW diagram for optical transmitter; (g) signal flow diagram for optical receiver.

II. AMWYSIS

In [4], we derived a model for the microwave performance

of the external modulation link shown in Fig. l(a). We present

the model here briefly, referring the reader to the earlier paper

for more details.

In the external modulation link discussed in this paper,

microwave modulation of a laser’s optical output is accom-

plished using an impedance-matched LiNb03 Mach–Zehnder

interferometric modulator. The model we describe is appli-

cable only for frequencies at which the electrodes of the

modulator can be considered lumped elements; that is, the

electrodes must be short compared to the electrical wavelength

of the mcsdulating signal. For instance, this model applies

to the modulator described in [4] because its electrodes are

0.050 in long—less than one-twentieth of a wavelength at the

L-band frequency for which the modulator performance was
optimized.

Device Characterization and Modeling

The generalized equivalent circuit diagrams for the modu-

lator and detector are given in Fig. l(b) and (c), respectively.

The circuit elements for both the modulator (LM, R~, CM)

and the detector (Rj, Cl, RD, LD ) are selected based on realis-

tic physical models of the devices. In the case of the modulator,

the electrodes across which we impose the microwave signal

voltage VfiI have capacitance CM and resistive loss RM, and

are connected to the input circuit with a bondwire having

inductance Lhl. The detector is a reverse-biased p-i-n junction
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with resistance Rj and capacitance Cj. Its electrodes, which

have resistive loss RD, are connected to the receiver circuit

with bondwires of inductance LD.

Using the Thru-Reflect-Line (TRL) de-embedding tech-

nique, we extract the intrinsic scattering parameters of the

devices alone from the measured microwave impedances of the

devices in their test fixtures [8]. Any of a number of available

microwave CAD programs can then be used to select values

for the equivalent circuit elements to fit the de-embedded

microwave impedances. Once the devices have been modeled,

the design of the circuits to match the modulator and detector

impedances to the system impedance 20 (usually 50 0) can

commence, and the gain, noise figure, and dynamic range of

the link can be predicted.

Modulator Power versus Voltage (P–V) Relationship

For the lumped-element interferometric modulator, the re-

lationship between the optical output power Pout,oP, and the

applied voltage Vj is shown in Fig. l(d), where Pin,op is

the unmodulated optical power available at the electrodes of

the modulator and Vx is the voltage required for full on-to-off

switching. We generalize V~ as an RF modulation voltage Vm.

sin wt applied to a dc bias voltage Vb, where we have defined

Vb = O as the quarterwave bias point in order to simplify our

evaluation of the effects of nonquarterwave biasing.

Detector Power versus Current (P–I) Relationship

The ratio of detector photocurrent ID to POUt,OP(the optical

power at the output of the modulator) is L KD qD, where L

is the total optical power ioss due to attenuation in the fiber,

KD is the fiber-to-detector coupling efficiency, and qD is the

photodetector responsivity. This relationship is illustrated in

Fig. l(e). In the model which we describe in this paper, the

detector is assumed to operate at a dc bias voltage which is

large enough to ensure that it does not impose an upper limit

on the RF power handling capability of the link. That is, even

at 100% modulation depth in the modulator (vn = Vm/2),

the detector remains within its linear region of operation [as

defined in Fig. l(e)]. Additionally, we assume the detector

operates at a frequency well below its 3-dB modulation

bandwidth.

Gain Analysis

We calculate the gain of the external modulation fiber-

optic link in terms of microwave scattering parameters using a

signal flow diagram (SFD) technique. The SFD for the optical

transmitter containing the lumped-element Mach–Zehnder in-

terferometric modulator is obtained by considering the capaci-

tance CM across the modulator terminals to be the termination

load rM of a two-port network consisting of the microwave

impedance-matching circuit and the other device parameters in
the equivalent circuit of the modulator. This two-port network

is denoted by the shaded region of the optical transmitter’s

equivalent circuit in Fig. l(b). The SFD for the optical trans-

mitter [Fig. l(f)] replaces the circuit in the shaded region by

its two-port microwave scattering parameters (S1l M, S12M,
1521M,5’22&f).

TABLE I
EQUATIONSFORMODELINGOFTHEANALOGSMALL-SIGNALGAIN ANn

NOISE.FIGUREOFAN EXTERNALMODULATIONFIBER-OPTICLINK
—
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When a reverse-biases p-i-n photodiode is employed in the

optical receiver, the SFD is obtained by considering the junc-

tion resistance of the diode to be the source termination rSL) of

a two-port network consisting of the other device parameters

of the photodetector and the microwave impedance-matching

circuit. This two-port network is denoted by the shaded region

of the optical receiver’s equivalent circuit in Fig. l(c). The

SFD for the optical receiver [Fig. l(g)] replaces the circuit

in the shaded region by its two-port microwave scattering

parameters (S1lD, SIZD, 5’MD, 5’ZZD).

Using the modulator P–V relationship, the detector 1’–1

relationship, and the SFD’S for the optical transmitter and

receiver, we ,derived in [4] the expression for the small-signal

gain G of the optical link. This is equation (1) of Table I.

The cos2(mVb/Vm) term indicates how the gain of the external

modulation link varies as a function of the modulator dc bias

voltage.

Noise Analysis

The noise figure of any system is the extent to which

the signal-to-noise ratio SIN deteriorates between input and

output. At the input to the fiber-optic link, the noise power

may be as low as the thermal noise limit, kTa B, where k is

Boltzmann’s constant, T. is the absolute ambient temperature,

and B is the resolution bandwidth of the receiver. We define
PN,Out as the noise power at the output of the link. The noise

figure NF is thus given by (2) in Table I.

As expressed in (3) of Table I, we consider the link output

noise power PN,OUt to be the sum of the noise contributed

by sources falling into three categories: Nth,tZ, the thermal

noise in the optical transmitter; Nih ,PZ, the thermal noise in
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the optical receiver; and NoP, noise which occurs because we

are communicating via an optical carrier.

The spectral densities of the thermal noise voltages at

the input to the optical transmitter and the output of the

optical receiver ((v~h,tx) and (v~h,.x), respectively) are shown
in the equivalent circuit models of Fig. l(b) and (c). Noise

power from these sources is calculated by multiplying the

noise voltage spectral densities by the receiver bandwidth 1?

and dividing by the impedance ZO according to the Nyquist

theorem [9]. We use the small signal gain equation (1) and I’m,

the reflection coefficient looking into the receiver circuit from

the link output, to calculate the contribution of these noise

sources to the total link output noise [(4) and (5) of Table I].

The Nyquist theorem also allows us to represent the individ-

ual sources of optical noise contributing to NoP as equivalent

noise current spectral densities in the optical receiver; these

noise sources are shown in Fig. l(c). By multiplying the total

of these noise current spectral densities by the bandwidth, the

impedance, and the transfer function of the receiver, we obtain

the output noise power due to these sources [(6) of Table I]. As

expressed in (6), the optical noise arises from these sources:

(&r) is the noise current spectral density at the receiver due
) (i~hO,) reflectsto the laser’s relative intensity noise (RIN1a~e, ,

the shot noise of the photodiode; and (i&,k ) is the contribution

from the photodiode’s dark current, ~&rk.

We derive the optical noise current spectral density ex-

pressions [(7), (8), and (9) of Table I] as follows. The dc

component of modulator’s optical output power l’~”t ,~P 1s

derived from the modulator P–V relationship when Vm = O;

that is [see Fig. l(d)],

W+sina ’10)~out,op(dc)= ~

Therefore, from the detector’s P–I relationship [Fig. l(e)], we

can also derive the dc photocurrent

ID (de) =
‘KDq~pin’Op (l+sin%) ’11)

The relative intensity noise of the laser is defined as the ratio of

its optical noise power spectral density to its dc optical output

power; the noise at the receiver due to RIN1,,,, is, therefore,

(&m) = [~~(dc)]2RI&,, (12)

and (7) in Table I is derived by substituting (11) into (12).

Unlike the laser relati~e intensity noise, the shot noise and

dark current noise arise due to the statistical nature of the

production and collection of photoelectrons when an optical

signal is incident on a photodetector, and are known to be

Poisson processes [10] forwhich thenoise spectral density is

twice the product of the dc current and the electronic charge

e. The noise current spectral densities due to shot noise and

dark current in the receiver can therefore be calculated using,

respectively, (8) and (9) of Table I, where the shot noise

spectral density has been derived by substituting (11) into the

following expression:

(i&O,) = 2e1~(dc) . (13)

TABLE II
EQUATIONS FOR MODELING OF THE ANALOG SPURIOUS-FREE

DYNAMIC RANGE AND COMPRESSIONDYNAMIC RANGE

OF M EXTERNAL MODULATION FIBER-OPTIC LINK

Spurious-Free Dynamic Range
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l’N,Out )

‘( )
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8V;11 – S22mIrM12
where Pin, Znt = (15)

ZZZolS21hflZlI + r~Ilz’

Compression Dynamic Range
~DR = 1.259 X ~Ou~,I dB Cp

PJJ,Ou~

P,n,l d~ Cp X G—.
PN%Ou~

_ Pin,l dB CP
—

kTa BNF
(16)

(o.5500)2v:11 – s22LIr~12
where P,n ,~ dB Cp = (17)

+zolszlhflzll + r~f12

Distortion Analysis

In our derivation of the external modulation link gain,

we assumed a small signal, i.e., v~ << Vm/2. As the

input RF power is increased (and with it Vm), the sinusoidal

character of the modulator’s P–V relationship eventually fails

to approximate a linear response, resulting in AM compression

and the generation of harmonics and intermodulation products.

We define the spurious-free dynamic range (SFDR) of an

optical link as the range of input RF powers for which the

fundamental signal power at the output is above the noise floor,

but the third-order intermodulation product power is below

the noise floor. This definition is expressed mathematically

by (14) in Table II, in which P m, int and pout, int are the link

input and output powers at the third-order intercept (where

fundamental signal and third-order intermodulation product

powers are equal).

We generalize the modulator voltage V& as a two-tone

modulating RF voltage v~ (sin W1t + sin uzt) applied to a dc

bias voltage Vb in order to determine Pin,int, the input power

at which POUt,OP at third-order intermodulation frequency

2WI – uz equals Pou~,oP at fundamental frequency WI. This

intercept point was derived in [4] and was found to be
independent of the modulator dc bias voltage V/b, as shown

by (15) in Table II.

The effect of AM compression is predicted in a similar

fashion. We define the compression dynamic range (CDR) as

the range of input RF powers for which the output signal

power at the fundamental frequency is above the noise floor

and is compressed by less than 1 dB relative to the small-signal

response. This definition is expressed by (16) in Table II, in

which P’n, 1 ,jB CPand l’OUt,l dB CPare the link input and output

powers at the point where 1 dB of AM compression occurs.

We derived P,m,l dBCp in [4] and found it to be independent of

the modulator dc bias voltage Vb, as shown by (17) in Table II.
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Fig. 2. Experimental setup for measuring the two-tone intermodulation dis-

tortion and output noise floor of the external modulation fiber-optic link.

III. EXPERIMENT& RESULTS

For the experimental external modulation link, we selected

a 1.3 flm LiNb03 Mach–Zehnder interferometric modulator.

The device exhibited a 23 dB extinction ratio when De-

polarized light was launched into its polarization-preserving

input single-mode fiber pigtail, and had a switching volt-

age V= = 8.3 V, a modulation bandwidth of 3 GHz, and

4.2 dB fiber-to-fiber optical insertion loss. An InGaAs p-i-n

photodiode with a responsivity ~D = 1.0 A/W below a

response bandwidth of 10 GHz was employed in the optical

receiver. We developed equivalent circuit models using the de-

embedded scattering parameters of the modulator and detector,

and designed reactive circuits to impedance match the electro-

optic devices to 50 Q at the link’s center design frequency of

900 MHz. In order to maximize the gain and dynamic range

of the external modulation link, large optical pump power

(30 mW at A = 1.3 #m) was obtained from a single-mode

fiber-pigtailed Nd:YAG laser with low RIN (– 160 dB/Hz at

900 MHz). We optically coupled the solid-state laser and the

optical receiver to the modulator’s input and output fibers,

respectively. The input polarization was adjusted to maximize

the ratio of optical power measured at the on and off switch

voltages.

We used an HP851OA automatic network analyzer and an

HP8970B noise figure meter with an HP346C noise source

to measure the link’s small-signal gain and noise figure,

respectively, at a variety of modulator bias voltages. Using

the experimental set up shown in Fig. 2, we also measured

the two-tone intermodulation distortion and the output noise

floor of the fiber-optic link at its center frequency of 900 MHz

for each of the modulator bias voltage levels at which we

had measured gain and noise figure. The results of these

measurements made it possible to determine, at each bias level,

the measured spurious-free and compression dynamic ranges

of the link (using (14) and (16) of Table II).

As we reproted in [4], the results at the modulator’s quar-

terwave bias (Vb = O) were as follows: G = O dB; iVF =

24.3 dB; SFDR = 73.8 dB . MHz2/3 (113.8 dB . Hz213);
CDR = 95.9 dB . MHz (155.9 dB . Hz). We found, however,

that at V6 = –2.3 V E –0.3Vn, even though gain degraded to

–3.6 dB, noise figure improved to 21.2 dB. In Fig. 3, we have

plotted the output powers of the fundamental signal, third-

order intermodulation product, and noise as a function of the

input fundamental signal power (as measured using the setup
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Fig. 3. Result of a two-tone intermodulation distortion measurement, show-

ing the 1 dB compression and third-order intercept points of the external
modulation link at a modulator bias voltage of Vb = – 2.3 V. The link’s

99.1 dB MHz com ression dynamic range and spurious-free dynamic range
Tof 77.0 dB MHz2 3 are rendered as well.

in Fig. 2 with a fundamental tone separation of 100 MHz)

for the V6 = – 2.3 V case. The measured 1 dB compression

and third-order intercept output powers are 3.7 and 21.1 d13m,

respectively. Thus, the compression dynamic range at this bias

point is 99.1 dB . MHz (159.1 dB . Hz) and the spurious-free

dynamic range is 77.0 dB . MHz2/3 (117.0 dB . Hz2/3), which

is, to our knowledge, the largest dynamic range reportecl to

date for any microwave fiber-optic link.

IV. VERIFICATION OF THE ANALYTICAL

BIAS-DEPENDENT MODEL

The measured 900 MHz gain and noise figure of the fiber-

optic link are plotted as a function of V6 in Fig. 4. This graph

also shows the gain and noise figure we predict by substituting

the model’s 900 MHz S-parameters and measured values of

P’,n,OP,L, KD, VD, VT, Vb, rin, RINI.S.l and Id.,~ into (I)--(9)

of Table I. Knowing these parameters also allows us to predict

values for the 1 dB compression, third-order intercept, and

noise output powers, from which we calculate the expected

compression and spurious-free dynamic ranges. In Fig. 5, we

plot these predictions as a function of the modulator bias Vi,

and compare them to the dynamic ranges that we calculate

from the results of our intermodulation distortion and noise

floor measurements.

We notice in Fig. 5 that the spurious-free dynamic range

calculated from predicted intercept and noise powers consist-

ently falls 1–3 dB short of the SFDR calculated from the

intermodulation distortion and noise floor measurements. This

discrepancy may be due to the link’s very narrow (50 MHz)

3-dB bandwidth. That is, the measured intermodulation dis-

tortion products are suppressed somewhat by the very narrow
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Fig. 4. Gain and noise figure of the experimental external modulation link
at ~ = 900 MHz as a function of the modulator bias voltage. Measured and
analytically determined values are shown.
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Fig. 5. Compression and spurious-free dynamic raage of the experimental

external modulation link at ~ == 900 MHz as a function of the modulator bias
voltage. Measured and analytically determined values are shown.

bandpass filters in both the modulator and detector matching

circuits, resulting in an artificially high interpretation of the

third-order intercept output power. The minor inaccuracy may

also result from the fact that our intermodulation distortion

and AM compression predictions were based on a modulator

with an optical output power Pout,op that varies sinusoidally

with bias voltage V6 as shown in Fig. l(d). We observed in our

measurements that the P–V characteristic of our modulator

deviated 5–10% from perfectly sinusoidal behavior.

Even though it fails to match the measured results exactly,

our analytical model does allow us to predict correctly that

the lowest noise figure and highest dynamic range is measured

when the modulator bias voltage is –2.3 V, or approximately

–0.3 Vm (see Fig. 4 and 5). In the discussion which follows,
we exploit the model to investigate why our experimental link

performs optimally at this bias level, and to what extent the

performance can be improved.

V. DISCUSSION OF THE BIAS DEPENDENT PERFORMANCE

The external modulation link’s small signal gain is optimum

at the modulator’s quarterwave bias point (Vb = O) because

the slope of the modulator’s output versus input characteristic

is maximum at this point [see Fig. l(d)]. This gain maximum

at V6 = O is reflected in the model by the bias-dependent

coefficient cos2(7rVb /Vm ) in (1) of Table I, and is reflected in

our link’s measured performance as well (see Fig. 4).
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Fig. 6. Sources of noise contributing to the measured output noise floor (at

.f = 900 MHz) of the experimental external modulation link, plotted as a
function of both the modulator bias voltage and the optied power detected

in the optical receiver.

According to (15) and (17) of Table II, the input power at

which the link’s third-order intercept and 1 dB compression

points occur is invariant with the modulator bias V6. When we

derived these equations in [4], we found that the AM compres-

sion and third-order intermodulation distortion effects increase

as COS2(~vb /Vm ) —the same rate at which the fundamental

signal gain decreases —resulting in no net change in Pin,int

and Pin,l dBCp. Thus, the final expressions in (14) and (16)

dictate that the spurious-free and compression dynamic ranges

are maximum at the modulator bias where the noise figure

is minimum, as we have verified experimentally (see Figs. 4

and 5).

Equation (2) indicates that this optimum bias point must lie

somewhere between vb = O, where gain is maximum, and a

point near the halfwave voltage V6 = – Vm/2, where $’N,@ iS

its minimum value. The exact value of this optimum modulator

bias voltage depends upon all the variables in (l)–(9). The

model allows us to use these equations to determine how

the optimum t’fb changes with any of these variables. As an

example, we have investigated the effect of the available laser

power Pin,.p.

The relative contributions of the different sources of noise

in the external modulation link vary with the optical power

detected in the receiver, which is a sinusoidal function of the

modular dc bias voltage. In Fig. 6, we show the calculated
contributions to the output noise floor of the link model at j =

900 MHz, plotted as a function of both the detected optical

power and the V6 setting. Shot noise increases linearly with

the dc optical power impinging on the photodetector, whereas

noise in the receiver due to RINlaSer increases as the square

of optical power. Modulator thermal noise is proportional to

the microwave-modulated optical power, and the remaining

noise contributions (detector dark current and thermal noise)

are independent of the optical power.

Provided that the optical source is a solid-state laser with

low RIN, the shot noise in the external modulation link is

always more significant than the noise due to RIN1a~er. As

Pin,op k increased by using higher-power optical sources,
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Fig. 7. Calculated spurious-free dynamic range of the 900 MHz external

modulation link as a function of the modulator bias voltage, plotted for several
assumed levels of available optical power.

modulator thermal noise eventually overtakes the shot noise

due to the increased link gain, and biasing the modulator

even closer to the halfwave voltage is necessary to reduce the

output noise floor to its minimum value. Thus, the bias point

at which maximum dynamic range is achieved approaches

–Vfi/2 asymptotically as larger optical source power is made

available. Au important tradeoff exists, since gain is always

greatest at the linear bias point Vb = O.

We have used our model to calculate the experimental

link’s spurious-free dynamic range for several assumed levels

of available optical power l’in,Op. In Fig. 7, we plot these

predictions as a function of the modulator bias Vb. As the

plot shows, between the halfwave and quarterwave modulator

bias points, the dynamic range varies less with larger optical

source powers. For larger optical source powers, there is thus

a less severe tradeoff between gain and noise figure, i.e., at

the quarterwave bias point both are excellent.

If a high-power 1ow-RIN solid-state laser can be used

without damaging the modulator or detector, and if the detector

has very low dark current, then near the modulator’s halfwave

voltage (– Vm/2)

PN,OU~~ 2kT@G , (18]

and

NF +2. (19)

The lowest possible external modulation link noise figure is

therefore 3 dB, as has already been claimed [2]. Since at high

optical source powers the external modulation link noise figure

varies only slightly with vb between O and –V= /2, even at the

quarterwave bias voltage the noise figure approaches 3 dB, and

the dynamic ranges approach their theoretical limits, i.e.,

(
+-

SFDR ~
4v$11 – sz2MrM12

)

(20)
~ZkTaBZols21M1211 + rM12

and

~DR ~ 0.1513v$11 – s22MrM12
(21)

#kTaBZols21M1211 + rM12”

The absolute upper limit to the spurious-free and compres-

sion dynamic ranges of our 900 MHz experimental external

modulation link are, therefore, 86.8 dB . MHz2/3 (126.8 dlB .

Hz2/3) and 176.0 dB. MHz (106.0 dB . Hz), respectively.

Equations (20) and (21) illustrate that, conversely to the

link gain—which is optimum when the modulator capaci-

tance, resistance, and switching voltage are minimized—--the

dynamic range upper limit can only be increased by increasing

these same parameters. The optimum dynamic range is ap-

proached, however, only when gain is maximized. Therefore,

the gain/dynamic range tradeoff and how it maybe controlled

by varying the modulator bias voltage must be understood

when attempting to design an external modulation fiber-optic

link to meet stringent performance specifications.

VI. CONCLUSIONS

We have presented and experimentally verified a compl[ete

model of external modulation fiber-optic link performance.

The potential for very high gain and wide dynamic range has

been demonstrated by the experimental external modulation

link, which features a peak gain of O dB and compression :and

spurious-free dynamic ranges of 99.1 dB . MHz and 77.0 dB .

MHz213, respectively. The model has anticipated the fact that

the measured dynamic ranges are 2–3 dB larger when our

modulator is biased near the halfwave voltage (Vb = –Vm/2)

than at the quarterwave bias (Vb = O) where gain is maximum.

Operation of the modulator near the halfwave bias voltage

offers the additional advantages of minimizing the link noise

figure and shielding the detector from large incident optical

intensity, with the drawback being reduced link gain. The

model proves that this tradeoff is least severe when the

available optical source power is maximized; however, the

optical power may be limited by the devices or by the desire

to distribute the output of one solid-state laser source to

many coherent fiber-optic links. Thus, it is important for the

system designer to be cognizant of the dependence of all these

performance parameters upon the modulator bias voltage.
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