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ABSTRACT: Electroabsorptive modulators require large depth of
modulation and maximum length of in—out linearity. A systematic
approach to optimize the operation of these modulators based on
quantum-confined Stark effect is presented here. The conventional
operation of differential modulator, following span linearity
maximization by adjusting the incident power of laser beams and
modulation depth enhancement by reverse bias voltage adjustment, is
presented. The results show the optimum bias voltage as 8 V and read
out beam power as 175 nW. © 2009 Wiley Periodicals, Inc. Microwave
Opt Technol Lett 52: 1-4, 2010; Published online in Wiley InterScience
(www.interscience.wiley.com). DOI 10.1002/mop.24815
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1. INTRODUCTION

Electroabsorptive (EA) multiple quantum well modulators
(MQWM) are important in optical signal processing such as real
space image filtering [1-3]. The potential of AlGaAs/GaAs
MQW pin diode technology and the speed of MQW modulators
make them suitable for many electro-optical applications. Large
array of MQWM are used vastly in optical information process-
ing, such as optical correlators, optical image filters, laser beam
control, and high frequency analog modulation [4-7].

Surface reflection modulators have a particular interest, pro-
viding a double length of interaction between the light and the
material, improving the modulation contrast [8—10]. The modu-
lating signal is the current supplying to the reverse bias modula-
tor diode and the carrier is an illuminating beam of diode. A
feedback is made by the current, absorbed power, and the volt-
age across the diode. Linear analog modulation is performed at
band-edge wavelength of absorption, where the absorption
enhances through higher voltage, giving rise to a negative feed-
back, known as self-linearized mode of operation [9, 10].

Span of linearity is enhanced using differential QWMs (see
Fig. 1), making easy to work with bipolar modulating signal [9—
13]. In addition, it eliminates the effect of carrier beam fluctua-
tion, using a single carrier source.

The differential output power (P,,—P,;) is a linear function
of modulating current i as:
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where P;; and Pj, are the incident power beams, P,, and P,
are the output beams reflected from the two quantum well mod-
ulators, /iw; is the energy of the incident photons, and e the elec-
trical charge. Using equal sources of carrier, i.e., P;; = Pj:
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Figure 1 Self-linearized differential modulator circuits with two con-
ventional photodiodes providing a current proportional to the input
beams at 780 nm

Although, this equation shows the linear mode of carrier
modulation, the effect of operating point is not so clear. In the
literature, the applied voltage is adjusted at about 7 V without
any notes about the power of carrier beams [12, 13].

In this paper, we verified the effect of reverse bias voltage
and input power on the span of linearity and modulation depth.
We showed that the bias voltage of about 8 V and carrier power
of about 175 nW can optimize the operation. Also, we encoun-
tered a trade-off between the bias voltage and carrier power to
operate in self-linearized mode. These arguments are explained
in the following Sections, finalized by conclusion.

2. EXPERIMENTAL DETAIL

Multiple quantum well p-i-n diode has been grown by molecular
beam epitaxy over an undoped dielectric mirror. The MQW
region is ~1.2 um thick consisting of 95 alternate thin layers of
GaAs wells of 90 A width, and 35 A thickness barriers of
Alp3Gagp7As in intrinsic region. The fabrication process is dis-
cussed in Ref. [14]. The 95 periods of quantum wells in intrinsic
region realizes to have the exciton peak at zero bias shorter than
850 nm wavelength. The current control element is a differential
photodiode (PD). The area of MQW modulators and PDs are
7 x 7 and 10 x 10 pm?, respectively. An antireflection coating
has been used to avoid the resonator effects. The integrated con-
figuration of diodes is reverse biased with 8 V in default. All
the experiments were taken at room temperature.

3. OPERATION AT CONVENTIONAL OPERATING POINT

Linear operation of modulator can be verified through the differ-
ential output power measurement as a function of input control
current. As the input current is supplied by the differential PDs,
the linearity is verified through optical in—out considering the
linear operation of PDs. The linearity of PDs is promised by the
double size of PDs and the sufficient reverse bias. Positive po-
larity of current is supplied by illumination of PD #1 and nega-
tive one by illumination of PD #2. The result of measurements
is shown in Figure 2.

As illustrated, the modulation is partially linear. The linearity
span is in the order of the carrier input power due to equal
quantum conversion efficiency in modulators and detectors.
Beyond this value, the differential output was maintained
approximately constant, i.e., it is saturated. It is due to the insuf-
ficient exciton generation by the incident carrier beams in com-
parison to net photocurrent generation of PDs. The span linear-
ity can be extended applying more power of readout beams
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Figure 2 Differential output of modulator as a function of current
(incident beam on PD #I or II considering the power of carrier beams as
a parameter. Bias field of 6.7 x 10* V/cm

Pgso, in which generates more excitons, supporting larger net
photocurrent. Although the linear dynamic range varies as a
function of readout beams, the modulation depth is constant,
indicated by invariable gradient of the in—out curve, as predicted
by Eq. (2). The improvement of span linearity is slowed-down
at Pgso > 155 nW due to sublinear increase of heavy hole (hh)
photocurrent as a function of readout beam power and is termi-
nated at Pgso = 198 nW with a maximum extension of linearity
of 235 nW (solid spheres). It can be explained by the exciton
saturation, such that the high intensity of ionized excitons
changes the dielectric constant, increasing the size of remaining
excitons. Therefore, the optical absorption strength decreases
[15, 16].

4. EFFECT OF REVERSE BIAS VOLTAGE

The optimized bias voltage was encountered fixing the readout
beams (175 nW). For a given bias voltage, the differential out-
put power is verified as a function of modulating current (PD
“I” on) as illustrated in Figure 3. Low bias voltage such as 1 V
is not sufficient to extend the depletion layer to the intrinsic
region of MQW PDs, such that the probability of recombination
of photocarrier is high. The reduced recombination time (carrier
lifetime) gives rise to small quantum efficiency. Hence, the lin-
ear dynamic range of PDs are small, influencing the measure-
ment of in—out characteristic of the modulator. On the other
hand, the insufficient bias voltage increases insignificantly the
exciton area. This gives origin to small reduction of exciton
energy or insignificant shift of exciton resonance to the longer
wavelength, although the density of exciton is high (generated
by 175 nW incident beam). Hence, the quantum-confined stark
effect (QCSE) is very small, which corresponds to an insignifi-
cant modulation depth. Also, the small quantum efficiency of
quantum well modulators produce insignificant photocurrent,
reduces the saturation level, and the linearity range of EAMs.
As can be seen in Figure 3, applying a bias voltage lager
than 2 V enhances the linear dynamic range to maximum and
increases the depth of modulation due to quantum efficiency ele-
vation. This improvement of quantum efficiency of PDs is
because of the extension of the depletion layer through the
entire intrinsic region, such that almost all photocarriers are col-
lected in the external contacts by the applied field. The sufficient
applied field reduces the probability of photocarrier capture in
the wells, enhancing the carrier lifetime and linear dynamic
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range of PDs. The same phenomenon occurs in MQW modula-
tors giving rise to a quantum efficiency enhancement. Also, the
high electric field increases the 2D-radius of the exciton corre-
sponding to exciton energy reduction; hence the exciton fre-
quency resonance is reduced giving rise to a considerable
QCSE. The large red-shift of the absorption spectra enhances
the contrast of the EA modulation.

The maximum depth of modulation and span of linearity is
obtained at 10 V. More bias voltage such as 10.5 V enhances
the area of the exciton, reduces the resonance frequency of the
exciton, and reduces the strength of the exciton absorption. The
large 2D-radius of exciton enhances the probability of exciton
ionization [17, 18]. This phenomenon reduces the exciton life-
time, therefore deteriorates the EA effect. This case corresponds
to the large stark shift, such that the exciton resonance moves to
the longer wavelength than 850 nm. In this case, the differential
MQW modulators do not operate anymore in self-linearized
mode. The feedback is now positive, such that the optical
absorption of MQW modulator is reduced by higher electric
field [9-11]. This subject is explained in more details in the fol-
lowing section.

5. EFFECT OF REVERSE BIAS VOLTAGE AT

LOW INTENSITY OF CARRIER

This experiment was performed at low intensity of readout
beams (power at 850 nm was 51 nW) to show the effect of the
power of readout beams on the optimized bias voltage (see Fig.
4). The comparison between Figures 3 and 4 show that at low
bias voltage such as 1 V, the span and the modulation contrast
are reduced considerably. The reduced span and modulation
depth are due to reduced density of exciton produced by inci-
dent readout beams.

As explained before, the modulation depth and range of line-
arity are improved at higher bias voltage such as 2 V. This bias
voltage is sufficient to extend the depletion layer to entire intrin-
sic region of PDs, maximizing the quantum efficiency. Therefore,
the PDs work linearly. However, the insufficient density of exci-
tons reduces the modulator range of linearity to 32 nW. Also, the
bias voltage of 2 V is sufficient to obtain the maximum modula-
tion depth that is nearly one order of magnitude less than the pre-
vious result. The linear dynamic range was improved to 65 nW at
3 V that is nearly the same as the incident power.

The device characteristic at 5 V showed a little improvement
of modulation depth, but the range of linearity remained at 65
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Figure 3 Differential output of modulators for PD #I ON, considering
the bias fields as a parameter (Pgso = 175 nW)
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nW. A dip after the knee was observed for powers larger than
65 nW. After the knee, the differential output was reduced as a
function of the incident power up to 107 nW. Then, it saturates
such that the differential output remains fixed as a function of
input. At higher input, the current into the modulators and the
optical absorption is reduced indicating the exciton resonance
shifts to wavelengths longer than 850 nm. It means that there is
a change in the modulators of operation mode from self-linear-
ized to bistable one [10]. The same behavior is observed at 8 V
with a slight reduction of modulation depth. This effect is
explained through the large red-shift of hh-exciton peak, such
that the peak is shifted to wavelength longer than 850 nm at 8
V and the absorption strength of the exciton peak is reduced.
From the above observations, the optimum bias voltage must be
<5 V, demonstrating the trade-off between optimum incident
power and optimum reverse bias.

6. CRITICAL VOLTAGE

The critical voltage is defined as a voltage that the self-linear-
ized mode of operation (negative feedback) changes to bistable
mode (positive feedback). At this voltage, the exciton peak is
shifted to the longer wavelength than 850 nm such that the exci-
ton strength is reduced. This voltage depends on the intensity of
the incident beams, shifting to lower voltages at lower intensity
of control beams. Figure 5 shows the differential output power
as a function of the bias voltage where the power of readout
beams are considered as a parameter, and the PD #1 was illumi-
nated by a 252 nW beam. This incident power can produce suf-
ficient control current for differential modulators.

The modulation depth was small at low voltages (optical
power at 850 nm of 42 nW), and was improved a little at higher
voltages. It is due to the insufficient exciton generation, giving
rise to insignificant EA modulation. Therefore, the extension of
the depletion layer does not help to enhance the modulation con-
trast. However, at higher incident power at 850 nm, such as 51,
59, and 68 nW, the enhancement of the modulation depth was
observed. Up to ~2 V, the elevation is due to quantum effi-
ciency improvement of both the PD and the MQW modulators.
The depletion region is extended entirely through the intrinsic
region at ~2 V. Hence, the quantum efficiency of the PD is sat-
urated, it is possible to have more Stark shift through the QCSE
for modulators.
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Figure 4 Differential output of modulators for PD #I ON, considering
the bias fields as a parameter (Pgso = 51 nW)
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Figure 5 Differential output of modulators for PD #I ON as a function
of bias voltage, considering the power of carrier beams as a parameter.
Incident power on PD #I is 252 nW

The improvement reached to a critical voltage, such that
more bias voltage gave rise to a reduction of differential output
indicating a change in the mode of operation to bistable or posi-
tive feedback [10]. Therefore, the hh-exciton resonance is red-
shifted to the longer wavelength than 850 nm. In Figure 5, the
rising of the differential output as a function of incident light
(power at 850 nm) indicates the modulation saturation corre-
sponding to the modulation depth enhancement. The critical
voltage rises as a function of incident light at 850 nm. It was
enhanced from 4.3 V at 42 nW, to 5.8 V at 68 nW, and to 10.5
V at 175 nW. The increment of this voltage might be explained
through nearly constant electric field strength per exciton
density.

7. CONCLUSIONS

The monolithic EA device based on the AlGaAs/GaAs MQWs
technology was presented. The differential modulator operating
in analog self-linearized mode was optically and electrically
biased. State of the diodes was read-out using a pair of beams
in the bandtail. The linearity of operation was theoretically dis-
cussed and experimentally verified followed by the optimization
of the operation. We observed the optimum bias voltage as 8§ V,
readout beam power as 175 nW, and the trade-off between opti-
mum bias voltage and the intensity of incident readout beams.
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ABSTRACT: A novel microstrip bandpass filter integrating the
defected ground structure and slotline coupling technique is presented in
this letter. A slotline resonator with a length of three-quarter
wavelength at central frequency is etched on the ground, while a pair of
radial stubs is centrally introduced. Two microstrip open stubs are then
placed above the slotline resonator, saying, on the top plane of the
dielectric substrate. By properly adjusting the lengths of the microstrip
stubs, a wideband passband filter is thus implemented using coupling
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between 50-Q microstrip (on the top plane) and the slotline (on the
bottom). A prototype is fabricated to validate the proposed design
strategies. The experiments and simulations both indicate good
performances. The measured fractional bandwidth of prototype is about
89%, the return loss is less than —15 dB in the whole passband. In
addition, the measured rejection bandwidth at —25 dB is even higher up
to 10 GHz, thus, demonstrating a very good harmonic suppression
ability. © 2009 Wiley Periodicals, Inc. Microwave Opt Technol Lett 52:
4-6, 2010; Published online in Wiley InterScience (www.interscience.
wiley.com). DOI 10.1002/mop.24816

Key words: microstrip bandpass filter; defected ground structure;
slotline; radial stub; fractional bandwidth

1. INTRODUCTION

To realize wideband bandpass filter (BPF), a strong coupling
between the feed lines at the first- and last-stage resonators are
required in the conventional uniplanar technology. Undoubtedly,
broadside coupling structure is an efficient solution to solve this
problem. Using such coupling technique, many advantages can
be obtained, such as wide passband with low insertion loss,
wide stopband with good rejection performance, etc. [1-5].
Microstrip transmission lines in combination with slotline [6-9]
is a very typical solution to carry out broadside coupling [10],
which can offer an additional freedom in the design of micro-
wave integrated circuitry.

In this letter, one technique is employed to realize broadside
coupling between 50-Q microstrip and slotline, while a back-to-
back transition is formed naturally. In addition, a pair of radial
stubs is used to suppress the spurious harmonics and improve
the impedance match. Two microstrip open stubs are then
placed above the slotline resonator, saying, the top plane of the
dielectric substrate, a wideband pass filter can thus be realized
by properly folding the microstrip stubs. One prototype was fab-
ricated to validate the proposed strategies, the simulated and
measured results agree well with each other, both indicating that
the filter has a fractional bandwidth (FBW) of 89% (1.7-4.4
GHz), the return loss is less than —15 dB in the whole passband;
the out-of-band rejection at —25 dB is from 5 to 15 GHz, imply-
ing a very good potential to suppress the spurious harmonics.

2. DESIGN STRATEGIES OF THE PROPOSED
BANDPASS FILTER

2.1. Determination of the Filter Structure

Figure 1(a) illustrates the geometry of the proposed novel BPF
using microstrip—slotline coupling technique. The center frequency
for the proposed filter f = 3 GHz, which is constructed into the
dielectric substrate with ¢, = 2.65 and a height of 0.508 mm. The
microstrip width of 50-Q input- and output-ports W; = 1.4 mm,
two-folded microstrip open stubs with width W, = 0.6 mm are
designed on the top plane of the dielectric substrate. A (3/4)7, (4,
is wavelength at central frequency) slotline resonator with a pair of
radial stub at the center is etched on the ground. The length of the
central section of the slotline: Lz = 11.4 mm, L, = 17.75 mm, and
Ls = 2.2 mm. In this way, the total length of the slotline is 52.9
mm, almost equal to (3/4)4, at the central frequency. Noting that,
the 50-Q microstrip and coupling slotline naturally form a back-to-
back transition, which is a new and a simple technique to realize
the broadside coupling. As we know, the center frequency of the
passband is primarily determined by the length L, + L, (L; = 10.4
mm and L, = 7.2 mm) of the microstrip open stubs, which is
nearly equal to (1/4)/, at the central frequency. The distance of the
two-folded microstrip open stubs is d = 17 mm, approximately a
quarter wavelength at the central frequency.
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