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Abstract —An analysis of directly and externally modulated
fiberoptic links is presented here. The theoretical analysis is
based on the signal flow diagram of the interface circuits to the
laser diode, Mach—Zehnder electro-optic modulator, and p-i-n
photodiode. System parameters such as gain, noise figure, two-
tone intermodulation distortion, and spurious free and compres-
sion dynamic range are expressed as a function of frequency and
operating point of the laser and external modulator. Two di-
rectly and externally modulated fiber-optic links were designed
and fabricated to verify the analytical models. The direct modu-
lation FO link was developed at the Ku-band (11.6-12.4 GHz),
whereas the external modulation link was at L-band (875-925
MHz). Spurious-free dynamic ranges of 95.8 dB-Hz?/* and 113
dB - Hz?/3, respectively, were achieved, the best reported to date
for these frequency bands. The predictions based on the analyti-
cal models match the measured results very well.

INTRODUCTION

IGH-SPEED fiber-optic links are envisioned as
playing a major role in many microwave circuits and
systems [1]. Some potential applications include antenna
remoting and distribution networks [2], delay lines [3], and
optical control of microwave devices [4]. Accurate model-
ing of the FO link performance will aid the system de-
signer in evaluating the suitability of the viable architec-
tures to specific applications. Most of the fiber-optic links
designed for microwave applications are relatively short
to medium length (up to 1 km) and employ intensity
detection techniques. The intensity modulation of light is
realized via either direct modulation of a semiconductor
laser diode or external modulation of laser light by taking
advantage of the interaction of light with matter. Of the
various external modulation schemes, the most common
presently use travelling-wave or lumped-clement Mach—
Zehnder modulators that operate using the electro-optic
properties of LiINbO, [5] or GaAs [6].
Until now, there has not been a full analytical model
for direct and external modulation fiber-optic links that
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presents the important link parameters—such as gain,
noise figure, two-tone intermodulation distortion, com-
pression and spurious free dynamic range—in a language
accessible to the microwave engineer. Even though at-
tempts to explain the link performance in terms of equiva-
lent circuit parameters have been made {7}-[11], these
models suffer from inaccurate prediction of broadband
FO link performance. Some even have incorrect physical
circuit models with unreasonable component values. Thus,
the goal of this paper is to present the analytical models
necessary to predict FO link performance. Furthermore,
analytical models are used as guidelines to develop low
loss, high dynamic range FO links. The experimental
results are compared to the analytical models’ predictions
to verify the models.

DEevice CHARACTERIZATION AND MODELING

An essential part of low-loss, high dynamic range FO
link design is the development of reactively matched
interface circuits, which are only realizable when the
transducer characteristics at microwave frequencies are
known. Design steps involve the characterization and
modeling of the semiconductor laser diode and electro-
optic modulator as the microwave/optical transducer
portions of the two types of optical transmitters. By
contrast, an impedance-matched p-i-n photodiode consti-
tutes the optical/microwave transducer in the optical
receiver for both architectures. Standard TRL de-embed-
ding techniques are adequate for extracting the intrinsic
transducer’s impedance at microwave frequencies from
the measured impedance of the device in its test fixture.
The de-embedded impedance is then fitted to an equiva-
lent circuit model over a broad bandwidth by the use of a
realistic physical model.

The conceptual block diagram of the direct modulation
optical transmitter at microwave frequencies, Fig. 1, shows
an impedance matching circuit with the laser equivalent
circuit model and the corresponding signal flow diagram.
The circuit elements are based on the physical parame-
ters of the laser and their values are obtained from the
TRL de-embedding of the intrinsic laser impedance. The
goal of the matching network is to effectively transfer
current at the design frequency band from the 50 ()
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Fig. 1. Semiconductor laser diode as the microwave /optical interface.

(a) Intrinsic and extrinsic equivalent circuit model with values for a
Ku-band link. (b) Signal flow diagram model.

system input to the junction of the laser diode, denoted
by the current [,; passing through the forward-biased p-n
junction resistance R;. Since R; is less than 10 (), the
matching network is effectively a 50 ) to approximately
10 Q impedance transformer. The minimum reflection
coefficient attainable using reactive matching techniques
will be limited by the quality factor of the laser and the
percentage bandwidth over which impedance-matching is
performed; for example, the theoretical limit for mini-
mum return loss achieved over a 2-4 GHz bandwidth for
a buried hetero-junction semiconductor laser (such as
Ortel’s SL1000H) is —14 dB.

The optical transmitter module of an externally modu-
lated FO link, Fig. 2, shows the equivalent circuit of a
lumped-element Mach—Zehnder modulator. and the sig-
nal flow diagram of the transmitter. The impedance
matching network in the Mach-Zehnder modulator trans-
forms the input signal so that at the design frequency
band maximum voltage V,, is obtained across the capaci-
tor C,,. The lumped series resistance R,,, with typical
values of about 5 to 6 (), forms the effective load resis-
tance. The limitation imposed on the impedance match-
ing network is by the quality factor of the external modu-
lator determined by C,, and R,,. For example, the
lumped-element LiINbO; Mach-Zehnder modulator used
in the 875-925 MHz link has a minimum return loss of
—11.6 dB across the band. Using reactive matching net-
works results in satisfactory matching.

A block diagram of the optical receiver module, Fig. 3,
shows a p-i-n photodiode equivalent circuit model and the

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 39, NO. 12, DECEMBER 1991

Modulator Modulator
Parasitics Equivalent
jreommmmeeea Circuit
Zy=50Q i Lm  Rm
— I
. : : +
\A Matching | : : Coim< Vp

Network |! : =

I e ! Cp=3.2pF

Rn=4.7Q2
(a) Lm=5.2nH
Matching Network and Parasitics
bsm 1 bgm : aLm
L ._;
S2im
Tom A 'Srm Sam M Y I'm
CStgm
———
agm bLm

1- J'fDCmZo
Iy = —30-m>0

®) M= T+ joCmZo

Fig. 2. Mach—Zehnder lumped-element external electro-optic modula-
tor as the microwave /optical interface. (a) Intrinsic and extrinsic equiva-
lent circuit model with values for an L-band link. (b) Signal flow
diagram model.
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sic and extrinsic equivalent circuit model. (b) Signal flow diagram model.
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receiver matching network. The goal of the matching
circuit is to effectively transform the RF photocurrent 1,
to the 50 Q load. Ideally, an impedance matching net-
work for the receiver would entail the matching of the
photodiode’s high shunt junction resistance R;—typically
1 MQ —to the output of the FO link, which is a 50 Q
system. The quality factor of the photodiode is extremely
high if parasitics are small. However, the de-embedding
and equivalent circuit modeling of the photodetectors
reveals that the parasitic series resistance dominates over
the reverse-biased p-n junction resistance at microwave
frequencies. This series resistance, Ry, therefore dictates
a lower overall Q-factor. Thus it is the series resistance
Ry that is transformed to 50 Q in the detector’s
impedance matching network. For example, in the case of
the InGaAs p-i-n photodiode used in the 11.6-12.4 GHz
link, de-embedding and equivalent circuit modeling
yielded R; of approximately 1 MQ, C,=0.19 pF, and a
parasitic series resistance R =8.6 ). Across the 11-13
GHz band, therefore, the best achievable return loss is
—20.2 dB. However, over broad bandwidths active match-
ing techniques using MESFET’s leads to improved return
loss for the optical receiver.

DirecTLY MoDULATED FO LINKsS
Gain Analysis

The gain of a fiber-optic link can be calculated in terms
of microwave scattering parameters using the signal flow
diagram (SFD) technique. The transducer gains of the
optical transmitter and optical receiver are derived sepa-
rately and then combined to yield the gain of the com-
plete link. When a directly modulated semiconductor
laser diode is employed in the optical transmitter, the
SFD is obtained by considering the forward-bias junction
resistance of the laser diode to be the port two termina-
tion I'[,, of a two-port network (represented by [S;])
consisting of the microwave impedance-matching circuit
and other device parameters of the laser. Fig. 1 shows the
schematic diagram and SFD for the transmitter in a direct
modulation link. The output power of a fiber-optic link
depends on the amplitude of photocurrent, I, gener-
ated in the detector, which is in turn proportional to the
RF current, I, through the laser diode’s active region.
This RF current is expressed as

[[f:\/Y‘U(aLa\_b]—lﬁ)’ (1)

where a,, and b, are of the normalized input and
output powers, respectively, at the laser junction resis-
tance, and Y, is the characteristic admittance of the
transmitter input (i.e., 20 mS for a standard 50 Q system).
From the SFD it is clear that

a _ 1r+f _ bSLSZI L and
e Y, (1=85. 1)
Irf bSLSZILrLas ,
bLz\s = (2)

\/?n - (1' SzzLFJ_as) '
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By definition, the power delivered to the laser junction is
the difference between the incident and reflected powers,
ie.:

|be|2 X ‘SZIle X1 - rLaslz

P 2
|1 - SZZLrLasl

out, Tx

= laLaslz - |bLas|2 =
(3)

Hence the transducer gain of the directly modulated
laser-based optical transmitter is

PouI,Tx |SZlLl2><|1_I‘Las|2
Tx = 7= 2 (4)
|b5L| ‘1—522LFL33‘

The link current transfer function, H,, is defined as the
ratio of detector current [, to RF current /,; across the
laser and is given by
2
( Pin,RX ) _ |Idet|
Pout,TX

1147

=[HL|2

= (. K, LK pnp) | Hy o fo 1) P Hoo (£ V)1,
(5)

where 71, is the laser diode external quantum efficiency,
1, is the photodetector responsivity, L is the optical
attenuation in the fiber, and K, , K, are the laser-to-fiber
and fiber-to-detector coupling efficiencies, respectively.
|H(f, I,)I” and |Hg(f, V)| are the frequency transfer
characteristics of the laser and photodetector, respec-
tively, for the given operating biases. For links operating
well below the observable 3-dB bandwidth in the laser
and detector frequency responses, these two terms are
both approximately unity.

When a reverse-biased p-i-n photodiode is employed in
the optical receiver, the SFD is obtained by considering
the junction resistance of the diode to be the source
termination [, of a two-port network (represented by
[S,D consisting of the other device parameters of the
photodetector and the microwave impedance-matching
circuit. Fig. 3 shows the schematic diagram and SFD for
the optical receiver. The output microwave power is de-
rived from the SFD and from the square root of the
incident and reflected detector powers (a,;, and b, p,
respectively) as follows:

lblez X |Sle)[2

P =la,pl*—1bpl* =la |? = ., (6
t LD LD LD TGS NE (6)
since b, ;, = 0. Therefore,
P, 1S5, 0l
t 21D 7

B bl =Sl

The transducer gain of the direct modulation link is thus
obtained from the optical transmitter and receiver gains
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Fig. 4. Schematic representation of noise sources in a directly modulated FO link. (a) With a reactively matched receiver.
(b) With an actively matched receiver.

and the square of the link current transfer function; i.e.,

Pout,Rx 2
G =5 =GTX'HL.GRX
Pav,Tx
_ |521L|2|SZID]2|1_FLaslz(nLKLLKDT’D)Z (8)
11— FLasSZZL'le - FSDSHD'Z
Noise Analysis

Three categories of noise sources, shown in Fig. 4,
contribute to the total noise powers in the directly modu-
lated FO link, viz. thermal, shot, and relative intensity
noise of laser. The various noise sources of the link are
derived as follows:

The thermal noise powers of the transmitter and re-
ceiver are calculated using the Nyquist theorem [12] by
assuming that each of the individual noise sources in any
circuit can be represented by an equivalent noise power
at the input or output of the circuit, provided the individ-
ual noise sources are uncorrelated. By representing the
noise power in this fashion the rest of the circuit can be
considered to be noise-free. As shown in Fig. 4, an
equivalent thermal noise current source is obtained from
the total conductance, Re{Y,,}, of the transmitter circuit
as seen from the transmitter output. Using the transfer
function of the link from the transmitter output to the
output of the receiver, the power output of the transmit-

ter thermal noise is obtained as

2
15515l
240>
- FstllDl

)

where B is the resolution bandwidth of the receiver, & is
Boltzmann’s constant, 7, is the ambient temperature, and
Z, is the impedance of the output termination (50 Q).

A major noise source in direct modulation FO links is
the semiconductor laser’s relative intensity noise (RIN),
which arises from the statistical fluctuations of the photon
and electron generation rates within the laser. The RIN,
which is a function of frequency and bias current, can be
calculated from the laser’s physical parameters [13]. This
RIN is then represented as a current source at the trans-
mitter output whose amplitude is dependent on both
frequency ( f) and laser dc bias current (/,). Noise power
at the output of the direct modulation link due to laser
RIN is calculated as

2
N = 4kT,B(n K, LKpnp)” Re{Yy, )

2
Nerin =RIN(f, 1,)(1, - Ilh)z(nLKLLKDTID)

|1 - l—‘SDSllDl
where [;, is the laser threshold current.
The shot noise of the photodiode, like the laser’s RIN,
makes a major contribution to the total noise output of
the link. The total shot noise power in terms of the dc
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current detected by the photodiode and the photodiode’s
dark current (1) is given as

Nopor = 2€[(1, = L) (n, K LK pnp) + 1,]

|52]D12

—7Z,, (11)
|1_FSDSIID|2 !

where ¢ is the electronic charge.

The thermal noise of the reactively matched detector
makes a negligible contribution to the total link noise
output power; it can be calculated as

Nowws = 2KT,B(1= 1T, %), (12)

.. is the reflection coefficient looking into the
impedance-matched photodetector circuit from its output.

The total noise power at the output of the detector is
the sum of all these individual noise powers,

where T

Ny = Nrin + Noor + N Nire = Nrin + Nopor T N
(13)

The noise analysis with active matching circuit (shown in
Fig. 4b) in the receiver circuit is complicated, due to the
fact that the noise sources of the active clements are
correlated and cannot be added individually. The correla-
tion matrix in the A-representation, for a MESFET, is as
follows [14]:

C{i=2kT,R, (14)
Csh=2kT, R, Yy, | (15)
C5i = 2kT,[0.5( Fryy = 1) = R, Yo ] (16)
= (17)
where F,,, is the minimum noise figure of the MESFET;
R, is the equivalent noise resistance; and Y, is the

optimum source admittance. C;} and C5} are the autocor-
relations of the noise voltage and noise current source,
respectively, and C;} is the correlation between the volt-
age and current source. For the MESFET, we can define
an equivalent noise current at the input of the receiver in
terms of an autocorrelation spectrum of the equivalent
noise current as

Cl(f) =C2A}(f) +2Re{Yp(f)Cé(f)}
|y Ol (8)

where Y,(f) is the input admittance of the MESFET. The
noise power due to the FET at the output of the detector
is given by

2
|S21D|

Negr = C'(f) B- ———
FET (f) |1* FSDS11D|2

Z,. (19)
The thermal noise of the transmitter circuitry N,,, the

laser’s RIN noise power Ng;y and the shot noise of the
photodiode N, are as given by (9)-(11). The link ther-
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mal noise due to the detector and its matching circuitry,
not considering that of the MESFET, is negligible and is
not considered here. Thus the total noise output of the
link is given as

N,y = Nipee + Nrin + Moot + NreT- (20)

Since the thermal noise source at the input of the link is
expressed as N, = kT, B, the noise figure of the fiber-optic
link now can be defined as

(SNR)m Pin * Noul 1 Nout

= *

(SNR)out - Pout * Nin - GLink Nin

NF oy = - (2D

Distortion Analysis

The distortion characteristics in a direct modulation
link are analyzed with respect to the current modulation
index m of the laser which is given as m = I; /(I — I ;).
The term IMD/C is defined as the power ratio between
the optical third order intermodulation product and the
fundamental of the optical signal. The total optical power
out of the laser for a two tone input signal is given as [15],
[16]:

P(t)= Iy(a,)I(a,)

0
Io(ay)o(as)

+21y(a,) ¥ I(a;)cosk(wt +6))
k=1

+21(a,) Y I(a,)cosn(w,t +6,)

n=1

+4 Y I(a,)cosk(w,!+8,)
k=1

. i I {a,)cosn(w,t +6,) (22)

n=1

where I (a;) are modified Bessel functions of the xth
order and a,, for i=1,2, can be obtained from the
following equation:

2 2

(23)

1
2,2
+ w1, 3 +1
wOTp s

w}
m;=a (_z_¢(az)
)

0

where, for i=1,2: m, is the optical modulation index;
w,=2mf; f; is the input signal frequency; w, =27 fy; fy
is the relaxation oscillation frequency; 7, is the photon
lifetime in the cavity; 7, is the spontaneous emission
lifetime; 7, and 7, are calculated from the laser’s physical
parameters [16]. The term ¢(a;) is defined as

21(a;)

a:ly(a;) ‘ (24)

¢(a;) =
From the laser light output expression we obtain the

optical power out of the laser at the fundamental fre-
quency and at the third-order intermodulation optical
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Fig. 5.

power as
2Py \(ay)
o, = 7 Cos(wl),
Io(ay)
_ 2PyIy(ay)1y(a,)
e Iy(ay)Iy(ay)

Thus we obtain IMD /C for small signals as
_ I(a,) _ a3

- ly(a,) 8"

(25)

cos[(2w, —w,)f]. (26)

IMD P, .
c P

w)

(27)

At the third order intercept point the IMD /C ratio is
equal to 1; hence using the value of a, at the intercept we
can define the value of modulation index m at the third
order intercept as m,,.. Therefore, the RF input power to

the link and output power at the intercept point is calcu-
lated as

2
_ miznt(lb = 1y) - S22LFLas|ZZ()

- |S21L|2|1_FL3J2

, o (28)

and

P, ut.int — P

O

XG. (29)

mn,int
The 1 dB compression point is calculated in a similar
fashion. For small input RF powers the output power at
the fundamental frequency increases linearly with the
input power, since

e e
I(a)) @ 8 192 |_ 4
=—|———=|=— forsmalla,. (30)
I(a) 2 ) a; aj 2
4 64

Thus for small input RF powers the power at the funda-
mental frequency is

Pmllinear :alPOCOS(w]t +61)

(31)

Direct modulation fiber-optic link optimized for operation at 12 GHz.

At larger input RF powers the fundamental begins to
saturate. This response can be obtained by considering
more terms of the modified Bessel functions in the ex-
pression for the fundamental, which gives

at +24a +192
a; +16a; +64

a
: Pycos(wt +6,). (32)

Pw,saturamd = —3_

The RF power at the output of the link is given by
P

outrf =

KI%LzKlz)nlz)chkxzw

w)

(33)

The 1 dB compression point is then calculated at the RF
input power where the output power diverges from the
linear gain by 1 dB, or in a linear form,

2
Pout.rf linear Pu;, linear

> -5 =1.2589,

out,rf saturated w; saturated

(34)

giving a, = 1.00952 at the 1 dB compression point. From
this value of @, we obtain the value of m [16]. On
substituting the value of m at the 1 dB compression point
in the expression for input RF power we obtain the input
power at the 1 dB compression point as

2 2
m%dB(‘P(Ib_ L) N =85, Ty ,0°Z (35)
ISZIL‘ZIli r |Z '

Pin. tdBCP =
Las

and
Pin. 1dB CP xXG

36
1.2589 (36)

Pout,l dBcr =

The spurious-free and compression dynamic ranges of the
directly modulated FO link are defined as follows:

p 2/3
out,int
>

“Tout

SFDR = ( (37)

1.2589X Pyt 1 4B cp
~ .

out

(38)
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Fig. 6. Measured input and output return losses of the Ku-band
(11.6-12.4 GHz) direct modulation fiber optic link, accomplished using
single-stage reactive matching networks. (a) Return loss of the
impedance-matched laser. (b) Return loss of the impedance-matched
detector.

Experiments

A direct modulation link was developed for operation
at 11.6-12.4 GHz using an InGaAsP distributed-feedback
laser diode. This device emits at the 1.3 pm wavelength
and features a responsivity of 7, =0.26 mW/mA when
biased well above its threshold current of 13 mA. The
detector used in the link was a single-mode fiber-pigtailed
1.3 pm-wavelength p-i-n photodiode with a responsivity
of n,=0.56 mA/mW and a 3-dB modulation bandwidth
of 15 GHz. The laser diode and photodetector had been
mounted in standard microwave test fixtures to enable
de-embedding of the device impedances out of the test
fixtures. Based on the de-embedded equivalent circuit
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Fig. 7. Insertion loss comparison of the experimental and analytical
results of a direct modulation fiber-optic link over the 11-13 GHz
frequency range.

model of these devices, the Bode—Fano’s theorem [17]
predicts for a minimum return loss of 10-dB, reactive
matching bandwidths greater than 6 GHz for ‘the laser
diode and 4 GHz for the photodetector at center fre-
quency of 12 GHz can be obtained.

Using these devices optical transmitter and receiver
modules were fabricated. The reactively matched optical
interface modules are shown in Fig. 5, where a single-stage
distributed matching network and the single-mode optical
fiber coupling are visible in the optical transmitter. Nar-
rowband reactive matching of the optical receiver was
accomplished via internal modifications to a commercial
photodetector package. The electrical input and outputs
are 50 Q microstrip transitions to SMA connectors. Mea-
sured 12 GHz return losses of 29 dB and 36 dB were
obtained respectively for the laser and photodetector
modules, as shown in Fig. 6, when inductances and capac-
itances that constitute the matching circuits were properly
tweaked.

Optical power was coupled from the laser to the active
region of the detector with an efficiency (K, -L-Kp) of
40% using a plano-convex gradient-index (GRIN) lens
with AR-coated facets to focus the diverging output beam
of the semiconductor laser into the 8 um core of the
single-mode fiber. This resulted in a link current transfer
function H, =0.058 at 12 GHz. Based on this efficiency
and on the equivalent circuit models of the laser and
detector modules, the gain of the link was predicted using
(8). This predicted gain is plotted as a function of fre-
quency alongside the measured gain in Fig. 7. Both curves
have 3-dB bandwidths of ~ 800 MHz and peak at 12
GHz, where the analytically predicted response is —10.9
dB compared to the measured gain of —12.6 dB. The 1.7
dB difference may be accounted for by the discrepancy
between the scattering parameters of the simulated
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Fig. 8. Measured dynamic range of the experimental direct modulation fiber-optic link at 12 GHz.

matching network and those of the tweaked matching
circuits.

Fig. 8 shows the plot of the measured direct modula-
tion link output power versus input RF power of the
fundamental and the third order intermodulation product
at 12 GHz. It also shows the compression dynamic range
and the spurious free dynamic range for the link obtained
from measurements. The compression dynamic range is
75.0 dB in a 1 MHz receiver bandwidth, or 135.0 dB-Hz;
the spurious free dynamic range is 55.8 db-MHz?/* (95.8
dB-Hz?/?). The measured noise floor spectral power den-
sity level is —138.6 dBm /Hz. These results compare very
favorably with the predicted spurious-free dynamic range
of 97.3 dB-Hz?/? and noise floor spectral density of
—140.1 dBm/Hz. Discrepancies between the predicted
and measured performance parameters is partly due to
lack of good data on the tweaked matching circuit and
may also be caused in part by a number of phenomena
that are difficult to quantify—for instance, the effect of
finite optical reflections, such as from the input fiber end
face back to the laser, upon laser noise and linearity.

Discussion

The analysis and experimental results show how the
gain, noise figure, and dynamic range of the direct modu-
lation fiber-optic link could be improved. Obviously,
higher electro-optic conversion efficiencies from the laser
and detector would increase the gain, as would improve-
ments in optical coupling efficiencies. Additionally, gain is
proportional both to the transducer gain of the laser
matching circuit, which is inversely proportional to the
laser forward junction resistance, and to that of the pho-
todetector matching circuit, which is inversely related to
the reverse junction resistance and capacitance of the pin
photodiode. As the desired operating bandwidth of the
fiberoptic link is increased, the Q factors of the devices
must be lowered according to Bode—Fano’s theorem [17],

and thus the transducer gains of the laser and detector
circuits will degrade, lowering gain that can be achieved.

Linear operation of a direct modulation fiber-optic link
also depends largely on the ability to bias the laser diode
at low modulation indices and away from the large-signal
relaxation oscillation peak, which is dependent on the
laser diode structure. To improve the dynamic range of
the direct modulation link, laser diodes with lower RIN
noise must be developed. For instance, semiconductor
laser diode architectures involving the deposition of a
reflective coating on the laser’s rear facet (asymmetric)
have demonstrated lower RIN noise than those with
facets of equal reflectivity (symmetric) [16]. If efforts
along these lines produce semiconductor lasers with noise
approaching the shot-noise imposed low-noise limit, 10
dB lower noise figure and 6-8 dB-Hz?/? broader spuri-
ous-free dynamic range may be exhibited by direct modu-
lation fiberoptic links. Approaches to increase the relax-
ation oscillation frequency of semiconductor lasers,
thereby allowing modulation at higher frequencies and
reducing the noise at a given frequency below the relax-
ation oscillation, often involve using distributed feedback
structures rather than the Fabry-Perot architecture.
Lower noise is ensured, however, only if the laser is
shielded from optical feedback using an optical isolator
between the laser and reflecting surfaces like the input
end face of the optical fiber.

ExTERNALLY MobuLATED FO Links
Gain Analysis

The small-signal gain of an externally modulated fiber-
optic link is derived using the SFD technique as was
applied to direct modulation. When a lumped-element
Mach-Zehnder interferometric modulator is employed in
the optical transmitter to impress a microwave signal
upon the optical carrier, the transmitter SFD is obtained
by considering the capacitance C,, across the modulator
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Fig. 9. Schematic representation of noise sources in an externally modulated FO link.

terminals to be the termination load I, of a two-port
network (represented by [S,,]) consisting of the mi-
crowave impedance-matching circuit and the other device
parameters in the equivalent circuit of the modulator, Fig.
2(a). Fig. 2(b) shows the SFD for the transmitter in an
externally modulated FO link. The output power of a
fiber-optic link depends on the amplitude of the detected
photocurrent, I, which is in turn proportional to the RF
voltage v,, across the capacitor C,,. This RF voltage is
expressed as

Vin = v Z() (aLm + bl,/n) ’ (39)
where a,,, and b,,, are the square roots of the incident
and reflected powers at the modulator terminal capaci-
tance and Z, is the characteristic impedance of the input
system (50 Q). From the SFD it is clear that

bLm = aLmFM7 and
bsnzSZlm
a;,,=——-—— since [ =T, =0, (40)
1- S22m FM ’ M
where b,,, is the normalized incident transmitter power.
Therefore,
|V |= Zn\b:m|2|521m|2\1+1"M[2
" |1 - 522771 l_‘M‘z
Z(]})inAT.\'|S21m\2|1+I‘Ml2 (41)
= > ,
=85, Iyl
where P, 7, is the (unnormalized) RF input power to the

external modulation link. Based on the P, —V curve of
the lumped-element interferometric modulator, the opti-
cal output of the modulator can be represented in terms
of the dc optical input P, ,, as

T wVy
Pout,op = Pin,op COSZ (Z - v )
in,op . WVM
=——|[1+sin , 42
si 7 )) (42)

where V,, =V, + v, sinwt, V,_ is the bias voltage required
for 100% modulation, and V, is the dc bias applied to the

modulator. For small signals the output reduces to

Poiop=F; (m}'" )cos ( i ) (43)
out.op = Fin.on| S Vv
The detected photocurrent is defined
Lyee = LK pnp Pout op> (44)

where L, K, and 7, are as defined previously. There-
fore, it is clear that

2
) 7 Pin op [TV 1S5+ Dyl®
|1 =|LKpnp——| cos _—
2V, Ve | =TySuul
“ZyPiy 1 (45)

Using the expression for Gg, previously derived, the
small-signal gain of the external modulation link operated
at its linear dc bias voltage is obtained:

WPin.opZ() ?
G= LK,mD——ZV—
7V, ) SISl 11+ Tyl
cos? ( b ) 20M 2121) M _.(46)
Vm— |l—rM522M| IlirsDSHDl

Noise Analysis

The noise analysis of the externally modulated link is
performed in manner almost identical to that of the
directly modulated link. Fig. 9 shows the schematic of the
externally modulated link with the noise sources catego-
rized as the transmitter’s thermal and excess noise and
the receiver’s thermal and shot noise.

The transmitter’s thermal noise sources are repre-
sented as one equivalent thermal noise voltage at the
transmitter’s input. This noise voltage is then transformed
into the noise power at the output of the link, using the
gain across the complete link, as

WLKDnDPin,o Zﬂ :
Ny = 2kTaB(_.—2Z"—
V) 1Sam 185 pl 1+ Tyl
'COSz (—_b) - ZIZD ! 2" (47)
Vo, ) 1= Ty Syl Il = Tip Syl

The excess noise of the laser warrants some explana-
tion. The (i} cxcess) term is the excess noise arising from
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relaxation oscillations in the optical source, and is de-
duced from spectral power density measurements of the
unmodulated output power of the laser. However it can
also be calculated from the manufacturer’s quoted RIN
which includes the shot noise contribution of the receiver
as well. This calculation is given as

N _ 2eIdc + <ié,excess> ) (48)

2
Idc

where I, the dc-detected photocurrent for the given
output power from the modulator, is simply

LKDnDPin,op . WV
dc — —2— 1+sin

i ) (49)

™

From this expression we can find the expression for the
excess noise power as

_ [LKDnDPin,up
excess -—f)—

Ve

7V
l+sm7 RIN(1,,f)—2e

i

1S, 0"
B2 g
|17FxDSHD|

in,op

LKpmp P
X .
2

1+sin — 50
sin — (50)

T

wV, )

The receiver thermal noise power is given as (12). The
shot noise of the detector, including the dark current, 7,
is denoted by a current source at the input of the receiver.
This current source is transferred to output by G, and
the output impedance to represent the shot noise power
as

—2e LKDnDPin,op
shot 2

1+si ™V I
siIn— | +
1 V d

T

2
|SZID‘

—=—7,. (51)
|1_I—;‘DSIID‘2 ’

The total noise power at the output of the optical detec-
tor module is the sum of all these individual noise powers.
For actively matched optical detectors, the noise contri-
bution from the amplifier should be incorporated as was
presented in the direct modulated case, but this will be
omitted here. The noise power at the input to the exter-
nal modulation link is simply k7,B. Equation (21) gives
the noise figure, with the N, term defined as the sum of
(12), (47), (50), and (51).

Distortion Analysis

The distortion characteristics of the external modula-
tion link are analyzed with respect to the modulation
index m, which for a Mach-Zehnder modulator at a dc
bias point V), is defined as

v, 2v,,

Vo2

m=

(52)

V'u'
T_IV[J
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By letting V,, =V, + v, (sin @t +sin w,#) and substituting
into (42), an expression is obtained for the optical power
at fundamental frequency:

7V,

P, =P, Jo(a)J(a)cos %

@)

sinw, 1, (53)

T

and at the frequency of one of the third-order intermodu-
lation products:

TV,
Pyrcw, = Pinopdi(a)J,(a) cos A sin(2w, — w,)t,

(54)

where we have defined a = v,, / V.. Therefore, the ratio
of third-order intermodulation product output power to
that of the fundamental is dependent only on the small-
signal modulation voltage v,, and not upon the dc bias
level V. Specifically,

IMD P, ., Jy(a)
c P, Jfa)

(55)

Given the Taylor series expansions of the Oth and 2nd
order Bessel functions:

a®> a
Jo(a)=1——+—— - 56
(@) =1- T+ 2 (56)
a’ a>  at
S P 57
J(4) 8( 12 384 ) (57)
we find that for small signals
IMD a® 1{mv,\> mm?( 2IV,)\
L __ S . (58)
c 8 sl 2 7

The small-signal behavior of the fundamental and third-
order intermodulation product is extrapolated to deter-
mine the modulation index at the third-order intercept—
i.e., where IMD/C = 1:

V32

m(__(——mj.
m|1—
VTF

By expressing the RF input power to the link in terms of
the modulation index m rather than modulation voltage
v,, and substituting m = m,, we obtain the input power
at the third order intercept as

m

(59)

mi (V.- 2|Vb|)2|1 =Sy lul?

int\ "

420‘52“,1'2‘1 + IjM|2

P (60)

in,int —

and
P

out, int

=P

in,int

X G, (61)

where G is the gain. For small input RF powers the
output power at the fundamental frequency increases
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linearly with the input power, since

a aZ a4 uZ a4
‘]l(a)JO(a):E 1‘?‘\"@—"- 1A7+_6—4_...
a
zE for small a. (62)

At larger input RF powers the fundamental begins to
saturate. This response is obtained by considering more
terms of the Bessel function. Compression of the funda-
mental output power by 1 dB means that

P pP?

out, rf linear ) linear

= =1.2589,
out, f saturated w saturated

where P,, is given by (53). Therefore, 1 dB of AM
compression occurs when

a
4
a> at e at  at :
-~y e —
PR )4( g 192

~1.2589, (64)

which corresponds to a = 0.5500. From this value of a =
(e, /V.), (52) is used to obtain the value of the modu-
lation index m at the point of 1 dB compression. Substi-
tuting this into the equation for input RF power in terms
of modulation index m, the input power at the 1 dB

compression point is

(0.5500)° V2|1 — Sy, Ly 1

P. = , 65

in,1dB CP szolSZI,,,|2|1+FM|2 ( )
Puaapcr X0

Powiabcr =" 7 y5g5 (66)

The spurious-free and compression dynamic ranges of the
external modulation link are defined exactly as they are
for the direct modulation link, i.e.:

2/3
SFDR = | T2t (67)
NOIH ,
1.2589% P,
R = out,1dB CP. (68)

N,

out

Experiments

An externally modulated FO link was developed at
875-925 MHz to examine the validity of the analytical
model. A 1.3 um LiNbO, Mach-Zehnder interferometric
modulator with a lumped-element electrode structure was
selected. The device exhibited a 23 dB extinction ratio
when TE-polarized light was launched into its polar-
ization-preserving input single-mode fiber pigtail. In
addition, a switching voltage V, = 8.3 V and a 3-dB modu-
lation bandwidth of 3 GHz were quoted by the manufac-
turer. An InGaAs p-i-n photodiode with a responsivity
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Fig. 10. Measured input and output return losses of the L-band
(875-925 MHz) external modulation fiber-optic link, accomplished using
single-stage reactive matching networks. (a) Return loss of the
impedance-matched modulator. (b) Return loss of the impedance-
matched detector.

7p=1.0 mA/mW and frequency response bandwidth of
10 GHz was employed in the optical receiver.

Using the scattering parameters of the modulator and
photodetector, de-embedded from the measured S-
parameters, equivalent circuit models were developed by
fitting them to the measured impedance. This made possi-
ble the design and construction of single-stage reactive
circuits to impedance-match the electro-optic devices to
50 Q at the link design frequency of 900 MHz. Based on
the external Q-factors of these devices, Bode-Fano’s
theorem predicts that for 10-dB minimum return loss at
the center frequency of 900 MHz, reactive matching
bandwidths of only 115 MHz for the lumped-clement
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Experimental L-band external modulation fiber-optic link consisting of (left to right) a high-power (60 mW)

single-mode fiber-pigtailed solid-state laser, optical polarization controller, and impedance-matched modulator and detector
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Fig. 12. Insertion loss comparison of the experimental and analytical

results of an external modulation fiberoptic link over the 0.1-2.1 GHz
frequency range.

modulator and 60 MHz for the reverse-biased photode-
tector can be obtained. Measured input and output 900
MHz return losses of 13 dB and 18 dB were obtained
(Fig. 10) when matching circuits were constructed and
properly tweaked. In the figure, actual —10 dB return
loss bandwidths of 50 MHz for the input and 40 MHz for
the output are apparent.

In order to maximize the gain and dynamic range of the
external modulation like, large optical pump power—
60 mW at A =1.3 um—was obtained from a single-mode
fiber-pigtailed Nd: YAG laser source. The solid-state laser
and the optical receiver were optically coupled to the

modulator’s input and output fibers, respectively, and the
input optical polarization was adjusted to maximize the
ratio of optical power measured at the “oN” and “oFr”
state switch voltages. The photograph of the externally
modulated FO link consisting of the solid-state laser,
polarization control device, and reactively matched 900
MHz modulator and photodetector modules, is shown in
Fig. 11.

At the modulator’s linear, half-power bias point, a dc
photodetected current Iy =(LK;n,P; ,,)/2=43 mA
was measured. Based on this measurement and on the
scattering parameters derived from the equivalent circuit
model of the externally modulated FO link, (46) was used
to predict the small-signal gain for the frequency range of
0.1-2.1 GHz. This calculated result is plotted as a func-
tion of frequency in Fig. 12 along with the measured gain.
Especially at the design frequency of 900 MHz where
both peak at the gain of 0 dB, the agreement between the
predicted and measured gain curves is excellent. Both
curves show a 3-dB link bandwidth of approximately
50 MHz.

A two-tone intermodulation distortion measurement
was performed to determine the spurious-free and com-
pression dynamic ranges of the external modulation
fiber-optic link at its center frequency of 900 MHz. Fig.
13 shows the results of the intermodulation distortion
measurement as well as the measured output noise floor
of the link. The thermal noise of the modulator and
detector and the dark current and short noise power were
calculated using (12), (47), and (51), and the excess noise
was determined by subtracting the sum of these noise
powers from the measured total noise floor Py ... A
noise figure of 24.3 dB was measured at 900 MHz. As
shown, the measured 1 dB compression and third-order
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Fig. 13. Results of a two-tone intermodulation distortion measurement, showing the 1 dB compression and third order
intercept points of the external modulation link at 900 MHz. Also plotted are the calculated noise powers contributing to
the measured output noise floor in a 1 MHz bandwidth. The link’s 95.9 dB-MHz compression dynamic range and
spurious-free dynamic range of 73.8 dB-MHz2/? are rendered as well.

intercept output powers are 7 dBm and 22.8 dBm, respec-
tively. Thus, the compression dynamic range under these
conditions is 95.9 dB-MHz (155.9 dB-Hz) and the spuri-
ous-free dynamic range is 73.8 dB-MHz*? (113.8
dB-Hz2/%), the largest dynamic range reported to date for
any microwave fiber-optic link. These results very closely
match the predicted noise figure and spurious-free dy-
namic range values of 24.1 dB and 112.7 dB-Hz*?. It was
observed that the measured P-V curve of the modulator
deviated from perfect sinusoidal behavior, which may
have created some discrepancy between predicted and
measured performance parameters since Bessel functions
cannot accurately predict the 1 dB compression and
third-order intercept points in such an instance.

Discussion

This analytical model clearly indicates that the avail-
able optical source power must be maximized to improve
the external modulation link performance. Not only is the
link gain proportional to Pipr, but since the shot noise
dominates over the RIN of the solid-state laser the noise
floor increases proportional only to Py, .. Therefore, if
very high optical power can be attained without saturating
the modulator, the external modulation link will approach
its noise figure limit of 3 dB. This amounts to a 21 dB
improvement in noise figure, and consequently a 14 dB-
Hz%/? improvement in spurious-free dynamic range over
the results presented here.

The ability of the detector to handle a large reverse
bias and high incident optical powers is necessary before
the external modulation link noise figure can approach its
thermal noise limit of 3 dB, which would maximize the
link’s dynamic range. Detector design may be even more
critical in the external modulation link than in the direct

modulation link since modulation of very high optical
power remains linear up to high RF powers which may
saturate the photodetector.

CONCLUSION

Complete analytical models of direct and external mod-
ulation fiberoptic link performance have been presented
and experimentally verified. Consequently, the potential
for very high gain and wide dynamic range has been
demonstrated by the analytical approach, especially in the
case of the external modulation link with the Nd:YAG
laser as its optical source. An experimental Ku-band
(11.6-12.4 GHz) fiber-optic link was designed and con-
structed using the direct modulation link models, and
featured a minimum insertion loss of —12.6 dB at 12
GHz and a spurious-free dynamic range of 95.8 dB- Hz?/3,
An experimental L-band (875-925 MHz) fiber-optic link
designed using the external modulation models exhibited
a peak RF insertion gain of 0 dB and compression and
spurious-free dynamic ranges of 155.9 dB-Hz and 113.8
dB-Hz?/?, respectively.

The analytical models not only allow for a pre-design
comparison of link architectures to achieve a given level
of performance, but also specify what must be done in
order to improve any given performance parameter. The
equations predicting the various performance parameters
are functions of the laser dc bias current in the case of
direct modulation and modulator dc bias voltage in the
case of external modulation. In this paper results were
reported and discussed at the bias settings at which the
RF insertion gain of each link was maximum. The depen-
dence of the performance parameters upon the bias con-
ditions is more complex in both the direct and external
modulation scenarios, and this expansive subject is re-
ported elsewhere [15], [16], and [18].
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