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A Passive Broadband Impedance Equalizer
for Improving the Input Return Loss of

Electro-Absorption Modulators
Cheng Guan Lim, Member, IEEE

Abstract—Based on the context of an electro-absorption mod-
ulator integrated laser and the industry’s standard 7-pin package
having a RF connector, a complete module design that incorporates
a simple yet effective broadband impedance equalizer to improve
the input return loss of electro-absorption modulators (EAM) is
proposed. The passive broadband impedance equalizer effectively
reduces the input return loss of the EAM from between 9.84 and

5.26 dB to between 11.5 and 9.35 dB over a frequency range
from 4.4 to 12.2 GHz without having to add a resistor in series with
the EAM or reducing the EAM absorption-layer capacitance from
the value that was optimized for optimal optical performance.

Index Terms—Electro-absorption modulator (EAM), input re-
turn loss, impedance equalizer.

I. INTRODUCTION

T HE electro-absorption modulators (EAM) [1]–[12]
have excellent extinction ratio and chirp performances

compared to directly-modulated laser diodes [13], and offer
a cheaper solution as well as lower operating voltage [14],
[15] compared to lithium niobate Mach–Zehdner modulators
(MZM) [16]–[18]. Hence, these devices are indeed very at-
tractive to long-reach optical fiber communications networks.
In a novel long-reach passive optical network architecture
put forward recently as the next generation optical access
networks, it was proposed to replace the wavelength-specific
lasers in the customer transmitter with 10 Gb/s EAMs [19].
By doing so, this enables centralized optical carrier distribu-
tion and wavelength-independent modulation scheme to be
employed, hence avoiding the inventory and deployment costs
associated with the wavelength-specific lasers. Although the
performances of EAMs are not quite comparable to that of
the lithium niobate MZMs, their low operation voltage, small
size, and the capability to be monolithically integrated with a
distributed-feedback (DFB) laser to form an electro-absorption
modulator integrated lasers (EML) [20]–[26] are the advan-
tages of the EAMs over the lithium niobate MZMs. Without
dispersion compensation, EMLs exhibiting a negative chirp
and emitting at 1.55 m can achieve 100 km [27] of trans-
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mission-span over standard single-mode optical fiber when
operated at 10 Gb/s. When the above EMLs are operated at
low extinction ratio, the transmission-span can be extended
to 130 km [28]. Nevertheless, actual deployment limits the
transmission-span of commercially available 10 Gb/s EML
modules to 40 km [29]. When an amplifier is integrated with
the EML, the resulting 10 Gb/s EML modules can achieve a
transmission-span of 80 km [30]. Although semiconductors
MZMs [31]–[34] that offer monolithic integration with a laser
diode [35], [36] were developed to achieve the performances
of the lithium niobate MZMs, their superb performances over
EAMs and EMLs are limited to low bit-rates [37]. At higher
bit-rates [38], [39], both EMLs and semiconductor MZMs
have comparable performances. In addition, the monolithic
integration of a semiconductor MZM with a laser diode is much
more complicated and bulkier compared to EMLs.

Similar to laser diodes, EAMs have very low device resis-
tance (typically around 5 ). Hence, impedance mismatch be-
tween the EAM and the signal source is a concern to these de-
vices as this causes signal to be reflected back to the signal
source resulting in degraded signal quality. To improve the input
return loss characteristics of EMLs, several techniques
[40]–[42] have been proposed. However, these methods require
a small resistance (typically a few ohms) to be added in series
with the EAM section of the EML or the device capacitance
of the EAM section of the EML be reduced from its optimized
value in order to meet the RF specifications of EML modules.
The disadvantages of adding a series resistor and reducing the
device capacitance of the EAM section of EML are as follows.

1) The extinction ratio for a given signal magnitude is de-
graded due to loss of signal voltage developed across the
series resistor.

2) The chirp performance may be compromised because
changing the absorption-layer thickness alters the elec-
tric-field strength across the quantum-well (QW) ab-
sorption-layer and changes its band structure which may
impose design constraints that prohibit the optimum chirp
to be achieved.

3) The EAM is operated at a lower on-level optical output
power in order to achieve a sizable on-off extinction ratio
because on-off extinction ratio decreases with increasing
input optical power and decreasing absorption strength
(thicker absorption-layer leads to weaker electric-field
strength across the absorption-layer and results in weaker
absorption strength).

To alleviate the above problems while enabling the specifica-
tions for 10 Gb/s EML modules to be met, Lim has proposed
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to use a lumped-element impedance-matching network (L-net-
work) and to implement the L-network using distributed-ele-
ment [43]. He has illustrated with a complete EML module de-
sign to show that the use of L-network enables the RF specifica-
tions for 10 Gb/s application to be met at less than half the device
capacitance reduction from the typical optimized value as re-
quired by the other techniques. To reduce signal distortion due to
input return loss/reflection without adding a series resistor or re-
ducing the device capacitance of the EAM from its typical opti-
mized value for 10 Gb/s applications, this paper illustrates with a
complete EML module design (based on the industry’s standard
7-pin package having a RF connector) that incorporates a simple
yet effective broadband impedance equalizer to achieve an
of less than dB for frequencies below 10 GHz or higher and
a modulation bandwidth of at least 10 GHz (i.e., the RF speci-
fications of 10 Gb/s EML modules). Without the series resistor,
the signal voltage required to achieve any given on-off extinc-
tion ratio will be lower compared to the case where a resistor
is inserted in series with the same EAM. Also, by not reducing
the device capacitance of the EAM from the optimized value,
the EAM can be operated with the optimum performance. As
will be seen later, this is made possible by connecting a capaci-
tive element at both ends of the signal-feeder [44] and bonding
the EML onto a short-circuited stub. In the context of this work,
the unique combination of the two capacitive elements and the
short-circuited stub are referred to as the broadband impedance
equalizer. In contrast to [42] where the characteristic impedance
of the signal-feeder was uniformly reduced from 50 to yield
the appropriate reactive-trimming effect and [43] where the in-
corporation of the L-network causes the signal-feeder to ex-
hibit a step-change in characteristic impedance at a particular
point along the signal-feeder, connecting a capacitive element
at both ends of the 50 signal-feeder changes the character-
istic impedance abruptly at both ends of the signal feeder. Nev-
ertheless, that alone does not lead to the superior performance
of the proposed EML module design. It is the unique combina-
tion of the two capacitive elements and the short-circuited stub
that leads to EML module design with significantly improved
performance.

II. SIMULATION MODEL AND APPROACH

Fig. 1(a) shows the device structure of the EAM used in this
study. The corresponding equivalent electrical circuit model of
the EAM is shown in Fig. 1(b) where R1 represents the de-
vice resistance of the EAM, R2 the differential resistance of the
EAM, C1 the capacitance of the absorption layer, C2 and C4 the
intrinsic layers, C3 and C5 the iron-doped layers, C6 the poly-
imide layer. The value of these circuit elements for an EAM
optimized to yield good optical performance for 10 Gb/s appli-
cations are 5 , 300 , 0.42, 0.732, 0.082, and 0.085 pF for R1,
R2, C1, C2, and C4, C3 and C5, and C6, respectively.

Based on the industry’s standard 7-pin package with a RF
connector, a suitable equivalent electrical circuit model for sim-
ulating the and modulation responses is shown in Fig. 2(a).
In the event of deriving this equivalent electrical circuit model
of the EML module, all factors have been evaluated for their
influences on the RF performances of the EML module, and
all insignificant factors have been excluded. The EAM is
an electrical-optical device and its modulation bandwidth is

Fig. 1. (a) Device structure of the EAM and (b) the equivalent electrical circuit
model of the EAM.

limited by the device resistance and capacitance of the EAM.
Thus, the modulation response of the EAM can be obtained in
the simulation by connecting a termination resistor having a
large value in parallel with the absorption-layer of the EAM.
The configuration shown in Fig. 2(a) assumes no imperfection
between the ground of the RF connector and the EML carrier.
However, some finite ground imperfection between the RF
connector and the EML carrier does exist in reality due to the
bonding-wires that connect the ground planes of the above
components. This ground imperfection can be taken into con-
sideration in the simulation by using the data item component in
the electrical circuit simulator of the Advanced Design System
(ADS)—a well-established high-frequency simulation package
developed by Agilent Technologies Corporation. Using the
appropriate data item for a 2-port network, the S-parameters
of the microstrip-line signal-feeder [represented by TL1 in
Fig. 2(a)] on the EML carrier was simulated using ADS Mo-
mentum—a physical-layer electromagnetic simulator—and
loaded into the electrical circuit simulation via the data item
represented by SNP1 in Fig. 2(b). In this way, the ground
imperfection between the RF connector and the EML carrier
of the EML module can be taken into consideration by making
an appropriate connection to the reference of the data item
as illustrated in Fig. 2(b). In this equivalent electrical circuit
model of the EML module, Term1 represents the 50 char-
acteristic impedance of the signal source, CPW1 the coplanar
waveguide mounted on the 7-pin package where the signal lead
of the RF connector (either a K-connector or GPO connector)
is soldered, TL1 the signal-feeder on the EML carrier where
the EML is bonded, R3 a thin-film resistor with a value of
50 whose purpose is to increase the real part of the EML
module input resistance to around 50 , L1 the inductance
of the bonding-wire connecting the signal line of CPW1 to
the signal line of TL1, L2 the inductance of the bonding-wire
connecting the ground of CPW1 to the ground of the EML
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Fig. 2. Equivalent electrical circuit model of the EML module considering there is (a) no internal ground imperfection and (b) internal ground imperfection.
(c) Input return loss responses and (d) modulation responses of the EML module design in (a) and (b).

carrier, L3 the inductance of the bonding-wire connecting the
signal-feeder of TL1 to the bond-pad of the EAM section, L4
the inductance of the bonding-wire connecting the thin-film
resistor R3 to the bond-pad of the EAM section, and C7 the
total device capacitance of the EAM section.

In this work, a typical unit inductance of approximately
0.7 nH/mm was used for the bonding-wire. As a result, the
values for L1, L2, L3, and L4 were 0.2 nH, 0.2 nH, 0.5 nH,
and 0.5 nH, respectively. The length of TL1 was 3.4 mm and a
high-frequency (HF) substrate with a thickness of 0.3 mm and
a relative dielectric constant of 8.7 was used. Consequently,
the width of the 50 signal-feeder (i.e., TL1) is 0.323 mm.
Based on all the above parameters, the and modulation
responses for the configurations shown in Fig. 2(a) and (b)
were simulated and shown in Fig. 2(c) and (d), respectively.
As can be observed, whether or not ground imperfection is
considered does not cause a drastic difference in these re-
sponses. Simulation revealed that ground imperfection causes
signal reflection to increase in general. However, due to the
additional parasitic inductance introduced by the bonding-wire
(L2) which effectively reduces some unfavorable capacitance
of the EML module input impedance over the frequency range
from approximately 7 GHz to 14 GHz, a dip appears on the

response. The reduction in capacitance of the EML module
input impedance due to the parasitic inductance introduced
by the bonding-wire (L2) is evident from the peaking of the
modulation response starting at approximately 7 GHz and
began to roll-off steeply at 12 GHz. Although ground imper-
fection causes the modulation response to decrease sharply for
frequencies above 12 GHz, the 3 dB modulation bandwidth
is essentially the same as that in the case with no ground
imperfection. Though the effect of ground imperfection may
not be really drastic and can be made negligible by using

ribbon bonding-wires with extremely small inductance, ground
imperfection has been taken into consideration in the following
analysis in order to model the actual situation closely.

III. THE BROADBAND IMPEDANCE EQUALIZER AND

ITS PRINCIPLE

As noted from Fig. 2(c), the of the EML module rises
above the dB mark at 4.4 GHz. To reduce the to less
than dB for frequencies of beyond 10 GHz in order to
meet the specification for 10 Gb/s applications, it is proposed
here to incorporate a unique broadband impedance equalizer on
the EML carrier to dynamically control the input impedance of
the EML module. The proposed unique broadband impedance
equalizer consists of two capacitive elements and a short-cir-
cuited stub represented by C8, C9, and SNP2, respectively, in
Fig. 3(a). To reduce the frequency-dependent signal distortion
due to input reflection, two additional signal paths of which
impedance is frequency-dependent were introduced. The pur-
pose of introducing the above two additional signal paths is to
provide a path for certain signal components, which would oth-
erwise be reflected back to the signal source, to pass through.
Since EAMs are voltage-operated and the above two signal
paths are parallel to the EAM, the signal components flowing
through C8 and C9 are not lost because the voltage of these
signal components is still applied across the EAM. The idea of
adding a capacitor at both end of a microstrip transmission-line
to improve impedance-matching between two components
of large contrasting impedance is not new. This technique
had been demonstrated to improve the impedance-matching
between a directly-modulated laser diode and a microwave
signal source by Ghiasi et al. [44]. As will be seen in the
following, the additional of a capacitor at either end of the
microstrip transmission-line is not adequate to meet the
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Fig. 3. (a) Equivalent electrical circuit model of the EML module with the pro-
posed passive broadband impedance equalizer incorporated. (b) Nominal input
return loss response and (c) nominal modulation response of the EML module
design shown in Fig. 3(a).

requirement for 10 Gb/s EML modules. It will be shown in the
following that a short-circuited stub [45] is necessary to extend
the dB cross-over frequency beyond 10 GHz below which
the is less than dB.

IV. PERFORMANCE EVALUATION

The above broadband impedance equalizer was optimized to
reduce the to less than dB for frequencies of up to be-
yond 10 GHz. As a result, the optimized nominal capacitance of
C8 and C9 were found to be 0.26 pF and 0.46 pF respectively.
The optimized length of the 50 short-circuited stub was
0.5 mm. Using the nominal value for all the circuit elements
of the equivalent circuit shown in Fig. 3(a), the and mod-
ulation responses are shown in Fig. 3(b) and (c), respectively.
As can be observed, the frequency range over which the
falls below dB has improved significantly from 4.3 GHz
to 12.1 GHz. The 3 dB modulation bandwidth was unchanged
at approximately 13 GHz. Compared to the original design
shown in Fig. 2(b), the incorporation of the passive broadband
impedance equalizer has significantly reduced the from
between dB and dB to between dB and

dB over the frequency range from 4.4 GHz to 12.2 GHz.
The starting and ending values of the above frequency range

Fig. 4. (a) Input return loss response and (b) modulation response of the EML
module design shown in Fig. 3(a) but with the short-circuited stub omitted.

correspond to the frequency at which the of the original de-
sign and proposed design, respectively, rises above the dB
level.

The characteristics and modulation responses for the
case where the short-circuited stub was omitted are shown in
Fig. 4(a) and (b), respectively. As can be observed, the rose
above dB at 3.5 GHz. The dB cross-over frequency
can be extended to slightly more than 7 GHz by re-optimizing
the value of C8 and C9 to achieve the best response in the
above case. Compared to the case in Fig. 3(c), the case where
the short-circuited stub was omitted shows a wider modulation
bandwidth; the former has a modulation bandwidth of approxi-
mately 13 GHz whereas the latter has a modulation bandwidth
of nearly 15 GHz. Nevertheless, the latter exhibits a more
severe slump on the modulation response over a frequency
range from 8 GHz to 12 GHz.

V. DESIGN IMPLEMENTATION

The best implementation of the EML module design shown
in Fig. 3(a) would probably be the one that does not introduce
additional component-count and complication compared to the
original design shown in Fig. 2(b). Therefore, the best approach
is to implement the capacitors (i.e., C8 and C9) of the broad-
band impedance equalizer on the HF substrate of the EML car-
rier. Here, the microstrip transmission-line has been chosen as a
mean of illustration. Since the short-circuited stub has a length
of 0.5 mm and width of 0.323 mm and the length of EMLs for
10 Gb/s applications is typically within the range from 450 m
to 500 m, it would certainly be ideal to use it as the bond-pad
of the EML too.

Based on the dielectric constant and thickness of the HF sub-
strate used, the required dimensions to obtain the optimum value
of C8 and C9 were calculated. Many combinations of length
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Fig. 5. (a) One of the possible EML carrier designs that incorporates the pas-
sive broadband impedance equalizer. (b) Input return loss response and (c) mod-
ulation response of the EML module having the EML carrier design shown in
Fig. 5(a).

and width are possible to achieve the designed value of C8 and
C9, however the feasibility of these combinations depend on the
space constraint of the 7-pin package. For illustration purpose,
the shape of the microstrip transmission-lines that represent C8
and C9 were chosen to be square. With all the above considera-
tions in mind, one possible design of the EML carrier is shown
in Fig. 5(a). It is worth mentioning that the isolation resistance
between the EAM and the DFB laser of the EML is typically
20 k or larger. Hence, the d.c. biasing portion for the DFB
laser does not affect the HF performance of the EML and has
not been included in the EML carrier design shown in Fig. 5(a)
since it is not essential to the scope of this work.

The self-explanatory artwork shown in Fig. 5(a) was con-
structed using the layout editor of ADS Momentum simulator.
The patches that represent C8 and C9 have a side dimension of
1.006 and 1.367 mm, respectively. The length of TL1 was the
same as that of the original design (i.e., 3.4 mm) so that a direct
comparison with the original design can be made to make the
study of the mechanism of the broadband impedance equalizer
easier. One end of TL2 is connected to the ground plane on the
under-side of the HF substrate via edge via and this microstrip
transmission-line represents the short-circuited stub as well as
the bond-pad for the EML.

VI. PERFORMANCE AND TOLERANCE EVALUATION OF

DESIGN IMPLEMENTATION

With the design implementation shown in Fig. 5(a), the
and modulation responses were simulated by importing the
S-parameters of the design implementation as produced by the
ADS Momentum simulator into the ADS circuit simulator.
The ADS Momentum simulator is a powerful electromagnetic
simulator that simulates the electromagnetic characteristics of
an actual design implementation closely. Consequently, com-
pared to the nominal response of this design in equivalent
electrical circuit form [Fig. 3(b)], the nominal response
[Fig. 5(b)] of the above design implementation exhibits a rela-
tively narrower frequency range over which the is less than

dB. In equivalent electrical circuit form, the design exhibits
a cross-over frequency of 12.2 GHz below which the is less
than dB. In the case of the above design implementation,
the cross-over frequency is reduced to 11 GHz. The reduction
in cross-over frequency in the latter case is attributed mainly to
the parasitic inductances introduced by the implementation of
C8 and C9 shown in Fig. 5(a). Correspondingly, the nominal
modulation bandwidth of the design implementation [Fig. 5(c)]
is reduced from approximately 13 GHz to 11.8 GHz.

Generally, the value of L1 and L2 is typically of about 0.1 nH
and will not exceed 0.2 nH. Hence, some performance margin
has already been incorporated by assuming the value of L1 and
L2 to be 0.2 nH. As for microstrip transmission-line fabcrica-
tion, very high precision can be achieved through calibrations.
Hence, any possible deviations of the dimensions from the de-
sign values are expected to be small enough to allow any pos-
sible resulting differences in the performance of the EML mod-
ules to be neglected. Having considered the above factors, the

and modulation responses of the design implementation
were evaluated to determine the tolerance of L3 and L4. As
will be seen in the following, evaluation shows that the upper
limit of the value of L3 and the lower limit of L4 are limited
by the cross-over frequency and this corresponds to the first-oc-
curring worst-case of the design implementation. The value of
L3 should not be less than 0.31 nH and L4 should not have an
inductance greater than 0.68 nH, otherwise the peak of the
response at 4.5 GHz and 9.6 GHz, respectively, will rise above

dB. In either case, the modulation bandwidth was noted to
be in excess of 10 GHz. The modulation response for the case
where the value of L3 and L4 are 0.6 nH and 0.4 nH, respec-
tively, is shown in Fig. 5(b). As is evident from the above, this
case represents the first-occurring worst-case of this design im-
plementation and limits the tolerance of L3 and L4 to nH.
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Fig. 6. (a) Real part and (b) imaginary part of the input impedance of the orig-
inal EML module design shown in Fig. 2(b) and the proposed EML module de-
sign shown in Fig. 3(a) considering the EML carrier design shown in Fig. 5(a).

VII. MECHANISM OF THE BROADBAND IMPEDANCE EQUALIZER

In Section III, the principle of the broadband impedance
equalizer was briefly explained in the context of signal flow. As
that is a very general explanation, a detailed illustration of the
mechanism of the broadband impedance equalizer based on the
input impedance of the EML module will be presented
in this section.

The real and imaginary parts of for the original design
[Fig. 2(b)] and the proposed design [Fig. 3(a) with the EML car-
rier design presented in Fig. 5(a)] are shown in Fig. 6(a) and (b),
respectively. As can be observed, the real part of
for the original design stays at approximately 40 for fre-
quencies below 4 GHz, but rises rapidly thereafter to nearly
140 at 7.5 GHz before falling rapidly to approximately 20
over the frequency range from 11 GHz to 14.5 GHz. Beyond
14.5 GHz, starts to rise rapidly again. From the re-
sponse of the imaginary part of , it was noted that

is inductive for frequencies below approximately 6 GHz,
and increases gradually with increasing frequency to

. Over the frequency range from approximately 6 GHz
to nearly 9 GHz, falls sharply and becomes capacitive at
7.5 GHz. For frequencies above 8.7 GHz, increases
gradually from nearly at 8.7 GHz. Above 11.4 GHz,

becomes inductive. The above large variation in is the
result of poor impedance matching between the EML module
and the HF signal source. Consequently, the of the EML
module is poor.

With the incorporation of the broadband impedance equal-
izer in the proposed design, the magnitudes of the variation of

and are significantly reduced. For frequen-
cies below 11 GHz, the variation of has been con-
trolled to within 30 to 70 . Over a frequency range from
10 GHz to 12 GHz, decreases sharply from nearly
70 to nearly 9 , and has an average value of approximately
3 thereafter. The latter phenomenon is the result of C8 crip-
pling the effect of R3. The two peaks observed on the response
of is the result of C8 and C9 whose purpose is to con-
trol the variation of . The input impedance of the EML
modules for the proposed design is slightly capacitive for fre-
quencies below approximately 1.5 GHz. Thereafter,
increases gradually with increasing frequency as in the original
design. However, due to the effect of C9, starts to de-
crease gradually at approximately 4.5 GHz and become capaci-
tive at slightly above 6 GHz. Due to the short-circuited stub (i.e.,
TL2), starts to increase gradually at a frequency of
nearly 7 GHz. To prevent from decreasing to the values
that cause the to become greater than dB as observed
in Fig. 4(a), the short-circuited stub was optimized to increase

gradually over the frequency range from nearly 7 GHz
to slightly above 9 GHz. As a result, was increased
from to over the frequency range as stated in
the above. Thereafter, C8 causes to decrease rapidly
to at approximately 11 GHz. Beyond that,
increases as in the original design. As a whole, the proposed
broadband impedance equalizer enables and
to be well-controlled to within and , respec-
tively, which would otherwise vary from 22 to 139 and

to , respectively, for frequencies below 11 GHz.
Consequently, the of the proposed EML module design was
kept under dB for frequencies below 11 GHz.

VIII. CONCLUSION

Without resorting to the addition of a series resistor and re-
duction of the EAM device capacitance from its optimum value
for 10 Gb/s applications, a simple yet effective technique has
been proposed and demonstrated to greatly reduce the input re-
turn loss of EAM/EML modules. Over a frequency range from
4.4 GHz to 12.2 GHz, the input return loss has been reduced to
between dB and dB from between dB and

dB. This is the result of improved impedance matching
between the EAM and the signal source brought about by the
passive broadband impedance equalizer proposed in this work.
The passive broadband impedance equalizer consisted of the
unique combination of two capacitive elements connected at
the ends of the conventional signal feeder and a short-circuited
stub onto which the EAM was bonded. The two capacitive
elements created two paths for certain signal components to
pass through instead of reflected back to the signal source,
and the short-circuited stub trimmed off excessive unfavorable
reactances over a small range of frequencies. Thus, the passive
broadband impedance equalizer has a three-degree of freedom
which enabled it to out-perform other impedance matching
techniques reported for EAMs/EMLs. The passive broadband
impedance equalizer can be easily implemented using dis-
tributed elements such as the microstrip lines. Hence, it can
be easily incorporated on the EAM/EML carrier. Reduced
input return loss using no additional component and no series
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TABLE I
PARAMETERS USED IN THE SIMULATIONS

resistor or reduction of the EAM device capacitance means
EAM/EML modules with enhanced performances and lower
power consumption.

APPENDIX

The information on all the circuit elements used in the simu-
lations is shown in Table I.
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