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ABSTRACT

We give a general analytical signal and noise model for a
direct modulation fiber optic link that includes an optical
component with gain or loss, and arbitrary lossless matching
circuits at the input and output. The model equations reduce
to previously published results under certain specific
conditions. We describe experiments which verify various
aspects of the developed model.

I. INTRODUCTION

As fiber optic links gain widespread use in radar and
communications, the impact of link gain and noise becomes
increasingly important. As well, links may include optical
components that affect the overall signal and noise
performance. A general model describing the signal and noise
characteristics of a link including optical components is needed.

Cox et al. [1] derived a set of signal and noise equations
for a direct modulation fiber-optic link with optimum single-
frequency matching circuits at the input and output, not
including detector thermal noise.

In this paper, we derive a model for the gain and noise
power of a direct modulation fiber optic link using lossless
(reactive) networks at the laser input and detector output. The
model includes an optical processing component of gain G, and
noise figure F,, and also includes the thermal noise
contributions of the detector, which are likely to swamp the
laser relative intensity noise (RIN) and detector shot noise when
the optical processing component is lossy.

II. LINK EQUIVALENT CIRCUIT
Figure 1 shows the fiber optic link model used as the
basis for the analysis. With the real part of input impedance Zy,
is associated a mean square noise voltage <Ein2>, where

(E%)=4kTBR, . 1)

B is the electrical bandwidth, T is absolute temperature and k is
Boltzmann's constant. Ry, is the real part of Zy,. The laser
impedance matching circuit is assumed to contain only reactive
elements, and therefore generates no additional thermal noise.
It has a current transfer function of Hj (w) when loaded by the
laser diode resistance Rj .

The input and output impedances of the laser matching
circuit are given by Zp j(®) and Zj (), respectively. The laser
diode is modelled as an ideal diode with slope efficiency N in
series with the junction resistance, Ry, where 1 is the ratio of
optical power in the fiber, Py, to the above-threshold diode
current, Iy -Iy. This model assumes that the laser shunt
capacitance and bondwire inductance are embedded in the
impedance matching network, and that the resistance in series
with the shunt capacitance is negligible [2]. The laser resistance
generates another thermal mean-square noise generator <EL2>.

The detector model consists of an ideal photodiode with
junction resistance, Rj and capacitance, Cj, and series contact
resistance, Rg. The two detector resistors generate mean-
square noise voltages <Ej2> and <BgZ>, The current induced
in the diode junction, ij is proportional to the incident
photointensity by the detector responsivity, np. The detector
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matching network has loaded current transfer function, Hp(w)
with input impedance, Zp;(®).

IIL. SIGNAL ANALYSIS
The available signal power at the laser input is equal to
IV,,.,((:))I2/4Rm This will induce a signal current through the

laser junction (OH

o _ _Va(@)H, ()

ip(0)=i(0)H, ()= Z,(©)4Z,(®) . )
If the modulation level is small, i.e., if << If -I;},, then the signal
power launched into the fiber is related to the junction current
by the efficiency np, defined above. The rf signal power
incident on the detector facet is the laser output signal power
multiplied Jby the gain of the optical component, G,. This
signal is demodulated by the photodiode and is delivered to the
load through the detector matching circuit. The link transducer
gain, Gy is the ratio of power delivered to the load to available
source power. Defining R,y as the real part of Z,y;,

G.(0)= an, 1, (o) |H, (@) G2|Z, () R, R 3
' |z (@) +Z,f
_ IV. NOISE ANALYSIS
A. Laser Noise

The rf noise power in the modulated laser output beam
comes from the two thermal noise sources shown in Figure 1,
plus the laser relative intensity noise (RIN). [3] Performing
straightforward circuit analysis to add the two thermal
contributions and the RIN noise yields N (w), the total noise
power at the laser output,

= N H, (0)E, n.E, B .
Nele Zin(w)+ZLi((’))+RL +Zu((0)+nL(IL LVRIN-B.
)

B. Optical Component Noise

The two-port optical component is described by its gain,
Gy, noise figure, F and noise-equivalent optical bandwidth,
By. Multiple sections can be cascaded to define a single gain
and noise figure. The optical bandwidth should be the noise-
equivalent bandwidth incident on the detector. The noise
output of the optical component is the sum of the input noise
contribution and the added noise, or

N,(®w)=N,(®)G, +kT,B,G,(F,~1). (5)
C. Demodulated Noise

The noise power out of the optical component is
incident on the detector, where it is converted to a junction
current according to

ij](m)=nDND(m) . (6)

The total noise power delivered to the load, No1(w),
due to the junction current, ij(w) is given by

|2, )

N, ()= 'iﬂ(m)ﬁH o) R,, Y
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This noise power is limited by the microwave bandwidth, B.
Therefore, the optical "noise term in equation (5) must be
multiplied by the ratio of the bandwidths, B/B,. Substituting
equations (5) and (6) into (7) and simplifying using the
transducer gain, G¢(®w) given in equation (3) and the input
mean-square noise voltage, <Ey<> given in equation (1), the
noise power delivered to the load due to the demodulated input
noise becomes

KTBG,(®)R,T,(®)
R, +Z,, (o) |H, (@)]* R,
(I, —1,)’ RIN - BG,(0)T, (®)

N, (@)= kT,BG, (o) +

8)
(KT, )" B,B(F, —1)’ G,(0)T, (»)
4R M:|H, (@)
where we define
T(0)=|Z,(0)+Z, (o) Q2. ©)
D. Shot Noise

A mean-square noise current is induced in the detector
junction due to the random arrival of the charges associated
with the dc photocurrent and demodulated signal and noise
currents, all of which are uncorrelated. From the small-signal
assumption made in Section II we know that the signal power is
much less than the quiescent optical power. As well, the only
term of equation (5) which could add significantly to the
detector current is the optical component noise term. Solving
for the current delivered to the load, and simplifying using the
transducer gain, the power due to shot noise delivered to the
load, Ny2(®) in the microwave bandwidth, B becomes

gBT, (0)G, (®)
N(0)y=——Lt——t—r [y (I, ~I,)+kT.,B,(F,~1)].
T amingG,|H, (o) R.-"[ e ]
(10)
E. Detector Thermal Noise

As shown in Figure 1, the two detector resistances
generate mean-square thermal noise voltages given by <Ej2>
and <ES2>. Performing the circuit analysis, the noise power
delivered to the load, Ny3(®) is given by

2
Z0) +R,]
R;

1

2
Nu;((')): 4kTB|HD(m)| Ro'" |:

R, +Z,\ (@) + Zy, (@)
(11)

L MIG@L@ [1 R | oy
N NG, |HL((D)| R, |R, R
E. Qutput Noise Power

The total noise power, No(m) delivered to the load is
the sum of the demodulated noise given in equation (8), the
shot noise (10) and the thermal noise (11),



KTBG,(0)R,T, (®)
|R, +Z, (@)'|H, (@) R
RN Y RIN - BG,(0)T, (®)

4R, |H, (®)’
L(,) B,B(F, ~1)* G (0)T, ()
4R} |H (@)
¢BT, (0)G,(®)
N ZHiTluGJHL (('J)l2 R,
motenter [1.8 e
niﬂin|HL(m)| R,

N,(w0)=KkT,BG (w)+

[n.Uy = L) +T,B,(F, -1)]

R R? (12)

To summarize, the first two terms in equation (12)
represent the noise at the output due to the thermal noise from
the laser circuit. The third term represents the laser RIN noise.
The fourth term is the noise due to the optical component.
Fifth is the shot noise term, and last is the detector thermal
noise term.

V. EXPERIMENTAL VERIFICATION OF MODEL
A Si . . .
For narrowband signals, an optimum single frequency
match at the input and output will typically suffice. If we
consider the additional condition that Zy, = Z ¢ = Z,, then

Z 2 R
H@[=22 ad [Hy@f==t. @13
|L()|RL I"”'Z., (13)
Solving the circuit, the matched transducer gain, Gm(®)
becomes

2 ZGZR R2
nL nD i ] . (14)

G, (@)= 7
2 2 2 R

For many applications the junction resistance is large enough to
ignore, and equation (14) reduces to

.n T\ ZGZ
hmG ()= chfRR (15)

which agrees with the results of Kasemset et al. [4] Again using
the ideal match conditions, the output noise power, Nom(®)
becomes

N, (®) = 2kTBG,,(0)+(I, —I,)* RIN - BG,, ()R,
LY B,BF, ~ ' G.(@)R,
n
+24BCa @R,y
nin,G,
4kTBGM((n)RL[ R

+=+0’CIR
mnG: | R R ]

U, - 1,)+4T,B,F-D] 19

B.Noise Fi
The noise figure of the link is, by definition,
N an
kT;BG(IV

where T, is 290°K, Ny, is the available output noise power
when the input terminals are at Ty, and Gy is the available
gain. If the input and output are ideally matched at a single
frequency, then the transducer gain, Gy, is equivalent to the
available gain, Gay. Therefore, the noise figure of the ideally
matched link can be calculated using Ny, from equation (16)
and Gyy,, given in (14). Also, if the detector junction resistance
is large enough to ignore, the noise figure is found to agree with
the results of Cox et al. [1], with the addition of the optical
component term and the detector thermal noise term (1/Gyyyy),

lim F= 2+(1 -I1,Y'RIN ‘R, kTB (F,—1)’R,
Ry kT, m
1

29R,
—— N, = 1,)+T,B, (F,-1)|+—
Kninag, Ui = 1) +RLB,(F, = D]+ -

.(18)

For our first experiment, measurements were taken on
the circuit shown in Figure 1, with both the laser and detector
tuned to an optimum match at 10GHz. The optical component
was an attenuator. The predicted noise power, gain and signal-
to-noise ratio were plotted against the optical gain, along with
the measured results, in Figure 2. The plots show excellent
correlation. The flat SNR region is the RIN-limited case, and
the slope of 2 in the SNR is the region where the link is at the
thermal noise floor.

The maximum link gain was -4.7dB, occurring when the
optical loss was minimum (0.5dB, due to an optical splice
connector). This is close to the record 10GHz result (-3.3dB)
that we achieved previously using a similar link. [5]

D. n I, Cct 1

We performed a second experiment, in which the f
connections into the laser and out of the detector were made via
50€2 microstrip transmission lines. Under these conditions, the
model equations can be reduced by applying the lossless
transmission line equation. At 6GHz, the: gain and output noise
power were measured as the attenuator was varied. Measured
and modelled performance track very closely, as shown in
Figure 3 below.
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Figure 2. Measured and predicted results of signal power,
noise power and signal-to-noise ratio for experimental link
at 10GHz, with Pj,=0dBm.
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Figure 3. Measured and predicted results of signal power,
noise power and signal-to-noise ratio for untuned link at
6GHz, with Pjp,=0dBm.

VI OPTICAL AMPLIFIER CONSIDERATIONS

Some photonic systems employ various stages of lossy
optical signal processing. Because semiconductor lasers are
noisy, including lossy corsponents in the optical chain can
significantly worsen the link SNR. One way to improve SNR is
to reduce the optical loss of the processing component by
including an optical amplifier. An optical filter should also be
used at the output of the amp to reduce the optical bandwidth.
If this is not done, the optical component noise term of equation
(12) may dominate, resulting in a very high output noise floor.

1d CILICd b4 HCal AIMPLUIE

The fourth term of equation (12) arises from the noise
added by the optical component. If F, and B, are large, the
minimum output noise floor can be limited by this term. To
verify this, we performed a third experiment using the untuned
link described in section V, with a semiconductor optical
amplifier at the output of the attenuator. Using an optical
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spectrum analyzer, we measured the gain, noise figure and
noise-equivalent bandwidth of this amp at three different bias
levels. In order to maintain the large noise bandwidth and
verify the model equations, we did not put a filter at the output
of the amp. We then measured the output noise floor of the
link with 30dB of attenuation, and compared these
measurements to the model predictions. Table 1 shows these
results. The measured output noise powers are within 2dB of
the expected values. The noise floor is above the thermal limit
of -174 dBm/Hz, which highlights the need for an optical filter
at the output of an amplifier with large amplified spontaneous
emission noise.

Amp | Gg | Fa | Bg |Noexpect| No.meas
Bias

(mA) | (dB) | (dB) | (GHz) | (dBm/Hz) | (dBm/Hz)
40 5 23 | 8000 -172 -170
60 10 25 | 8000 -163 -162
80 13 27 | 8000 -154 -156

Table 1. Expected and measured output noise floors at
6GHz for untuned link with an optical amp. G, and Fy
are gain and noise figure of amplifier alone.
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