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Gain Limit in Analog Links Using
Electroabsorption Modulators

G. E. Betts, X. B. Xie, 1. Shubin, W. S. C. Chang, and P. K. L. Yu

Abstract—Analog optical links using electroabsorption modula-
tors have a gain limit caused by the photocurrent in the modu-
lator. The gain limit results in a minimum link noise figure as well.
The gain limit is due to the voltage-dependent absorption causing
a voltage-dependent component to the photocurrent; the gain limit
applies to a modulator that has this relationship.

Index Terms—Electroabsorption, gain, high power, modulator,
optical analog link.

1. INTRODUCTION

N AN external modulation analog link, it is routine to think
I of the modulator as an ideal three-terminal device where the
light is controlled by the voltage applied to the modulator, but
there is no effect of the light on the voltage. This picture is ap-
propriate for modulators where the modulation is based on the
linear electrooptic effect. For direct modulation links, the light
is produced by the current supplied to the transmitter laser, so
there is a direct relation between electrical power supplied to the
optical transmitter and the light output. This results in a limita-
tion on the gain of direct modulation links that does not exist for
external modulation links [1].

Electroabsorption modulators are intermediate between these
two pictures. They are external modulators and they do affect
the light through voltage-controlled absorption. However, the
absorption produces photocurrent, which interacts with the elec-
trical circuit. At low optical power, the electroabsorption modu-
lator behaves like an ideal external modulator, but at high optical
power it exhibits a gain limit.

This effect of photocurrent on gain was noticed when elec-
troabsorption modulators began to be able to handle optical
powers of several milliwatts [2]. This led to the observation that
there was a limit on the modulation efficiency of the electroab-
sorption modulator as the optical power increased [3]. Here we
show how this limit arises and how it limits the performance of
analog links using electroabsorption modulators. We also show
experimental data confirming the link gain limit at very high
optical power levels.

II. THEORY

The basis for our analysis is the equivalent circuit shown in
Fig. 1. We represent the photocurrent effect by a resistor because
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Fig. 1. Small-signal ac equivalent circuit of electroabsorption modulator. The
resistor 2 p represents the voltage-dependent modulator photocurrent source.

Electrical Input

Modulator

Laser Detector

P | PN Pour
4 to Rp

Fig. 2. Diagram of the link. The link output is the power delivered to R p.

it is a voltage-dependent current. The ac voltage on the modu-
lator is v,,,. We will simplify the analysis by setting Cy; = 0. We
are looking only at the low-frequency effects of the photocurrent
so we can see the gain limit in its simplest form. When Cj; # 0,
the photocurrent has additional effects such as increasing the
3-dB bandwidth [2], but it does not change the basic effect dis-
cussed here.

The optical link is shown in Fig. 2. The link input is the source
represented in the equivalent circuit of Fig. 1.

This is a very simple model that considers only two sources
of loss: voltage-independent coupling losses (t;y and o),
and voltage-dependent absorption loss. We ignore distributed
scattering losses and voltage-independent absorption. There
is no impact of electrorefractive index change (physically this
assumes that there is no reflection and that the waveguide-
substrate index difference is much larger than the electrorefrac-
tive index change). The optical power in the modulator input
waveguide is pin = prtr, where py is the input laser power.
The optical power in the modulator output waveguide is pouT-
This analysis applies to small signals with ac voltage much less
than V.. Therefore, we approximate the electrooptic transfer
function by the transmission at the bias point ¢ and the slope
at the bias point

™
POUT = PIN <tB — Fmvm> . (1)
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The slope is characterized by V., which is the “effective V.”
Ve = (7/2)(dT/dV) ™1, where T represents the electrooptic
transfer function (transmission versus voltage) and the deriva-
tive is evaluated at the bias point [4].

The photocurrent i p is given by (pix — pouT ), where nas
is the modulator responsivity at the bias point, so

™
v, m

ip = pinnyu (1l —t) + piNnnm (2)

The coefficient of v,,, has the units of inverse resistance, so we
can define the effective small-signal ac photocurrent resistance
Rp as

2V,
p= (3)
prtrmmm

(Rp is contributed to both by the photocurrent generated by
absorption, and by reduced junction resistance due to other ef-
fects. We represent all these effects by the parameter 1;.)

The equivalent circuit can be solved to give the modulator
voltage v,,, in terms of the source current 7, as

Ry Rs 1
Ry + Rs 1+ pL;{;:}rf[‘ﬂ' (RJ\[ +

“4)

Um = 15

RLRs )
Rr+Rs
where Ry, is the modulator termination resistance, Rg is the
source impedance, )y is the resistance in series with the modu-
lator junction, and the other quantities have been defined earlier.
This equation shows the source of the gain limit—the modulator
ac voltage is inversely proportional to the optical power at high
optical power.

The link gain is the ratio of the output RF power to the input
RF power. The input RF power is defined as the power delivered
by the source to a matched load, which is the available power
(i2) Rs /4. The link output is the power delivered to the detector
load resistance Rp.

The link gain is given by (5), where np is the detector re-
sponsivity. We have assumed no losses in the link except the
modulator

2
trt 4R R
(PL I 077D7F> RpRy Lits .
2Vze (RL + Rs)
2
x . )
timm ™ RLR ’
L+ o (RM + RLL+RSS)

The gain is the product of three terms: the link gain for an ex-
ternal modulation link with impedance-matched input, the effect
of an impedance mismatch between the source and termination,
and a third term with the dependence on the input optical power.
In the limit of small pr,, the third term approaches unity and the
link behaves as expected for an external modulation link.

In the limit of large py,, the third term becomes inversely pro-
portional to pr.. In this limit, the gain becomes independent of
either pg, or V., and is given by

2 Rp
lonp 5o
JLimit = ( 777] ) - = PRCE (6)
M , ,
O*Fﬁ% ﬁ%)
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Fig. 3. Link electrical gain as a function of laser power, for various values of
the modulator responsivity 17, (units of 1, are A/W). The dc component of the
modulator photocurrent is also plotted. The parameter values are: V.. = 1V,
Rs = R, = Rp =500, Ry =5Q,7p = 0.8 A/W,t; = —2dB,
to = —2dB,and tz = 0.5.
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Fig. 4. Modulator input impedance as a function of laser power, for various
values of the modulator responsivity. The modulator capacitance is zero in this
calculation. R, is the modulator series resistance. Parameters are as in Fig. 3.

The source and detector load impedances Rs and Rp are
constrained by system requirements and are generally equal.
The output optical transmission ¢o cannot be larger than one,
and the detector responsivity is likewise constrained. The only
parameter left to use to increase the gain in this limit is the mod-
ulator responsivity [3].

The effect of this gain limit is shown in Fig. 3. The case of
1 = 0 is the standard external modulation result with no pho-
tocurrent effect. The case with 17,; = 1 A/W approximates per-
formance expected from a high-power electroabsorption mod-
ulator. For a high-performance modulator, the limiting value is
near 0 dB. The limit can be increased if the modulator respon-
sivity is reduced, but even at a low responsivity such as 0.1 A/W,
the photocurrent effect has an impact.

The input impedance Zj; of the modulator varies with optical
power. The relation is given by

1
Zar = — (M
1

+ S —
Ry, RM + 5 2Vire

Ltrmmm™

The input impedance is plotted in Fig. 4. While the impedance
mismatch does affect the gain, it is not the primary factor in the
gain limit.
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Fig. 5. Link noise figure. Parameter values are as in Fig. 3.
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Fig. 6. Effect of V. on gain and noise figure. The modulator responsivity is
1 A/W. Other parameters are as in Fig. 3.

The gain limit also results in a minimum noise figure. The
link electrical noise figure is given by

_ Nout _ fR
f= gkT, +
+ ZethItBtOT]DRD
gkT,
2
eprtrmy (1 —tg) Rs [1 + %]
! ®)

2%kT,

where N, is the total output noise, fr is the receiver noise
figure (fg = 1 in this letter), k is Boltzmann’s constant, 7T}, is
290 K, and e is the elementary charge. We have assumed there
is no relative intensity noise.

The first three terms are the familiar input, receiver, and de-
tector shot noise terms. The fourth term is due to shot noise from
the dc component of the modulator photocurrent. For small 7y,
or for low bias (small ¢g) the modulator shot noise term be-
comes the dominant term at high optical power. The noise figure
is plotted in Fig. 5.

Even though the gain is independent of V., there is some
advantage to a low V.. The gain reaches its limit at a lower
optical power. The minimum noise figure is lower and it occurs
at a lower optical power. Fig. 6 shows these effects.

III. EXPERIMENT

We have verified the gain limit by measuring the gain of a
link using an electroabsorption modulator at high optical power
levels. The modulator structure is similar to that described in
[5]. The V. was 0.85 V and the input and output losses were ap-
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Fig. 7. Experimental measurement of a link using an electroabsorption modu-
lator at 1550 nm, compared with the theoretical gain calculation.

proximately t; = to = 0.5. The bias point was t g = 0.5, which
occurred at 1.5-V reverse bias. The ac input voltage was 0.063-V
peak-to-peak. The modulator’s apparent dc responsivity varied
from 0.7 to 1.5 A/W, indicating some mechanism creating addi-
tional photocurrent beyond simple absorption. An RF respon-
sivity nyy = 0.8 A/W was used to fit the calculation to the
measured data. The measurement frequency was 50 MHz, well
below the RC bandwidth.

The results are shown in Fig. 7. The gain follows the theoret-
ical prediction very closely. The gain deviates from the predic-
tion of this model only at the highest powers used (>250 mW)
due to heating.

IV. CONCLUSION

There is a limit on the performance of external modulation
analog links using electroabsorption modulators at high optical
power. The link gain is limited to a value dependent on the
modulator’s responsivity and a few other parameters; the gain
limit is independent of the optical power or the effective V.
The link noise figure also has a minimum value which large op-
tical power cannot improve. The link gain limit has been verified
experimentally.
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