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Figure 4 Measured transmission and reﬂection characteristics of the
single-layer active FSS when the diodes are in ON state

ically, an average transmission loss of 19 dB can be achieved at the
resonance frequency.
The single layer active FSS has been fabricated on a 420 ⫻ 270
mm2 FR4 sheet (15 ⫻ 9 elements) with dielectric constant of 4.4
and 1.6 mm thickness. Figure 3 shows the measured transmission
and reﬂection characteristics at 0°, 30°, and 45° incident angles for
TE incidence when the PIN diodes are in OFF state. The resonance
occurs at 2.63, 2.64, and 2.65 GHz, respectively, for 0°, 30°, and
45° incidence, while the transmission loss at these angles are 2.7,
2.8, and 3.4 dB, respectively. The reason for higher resonance is
the extra inductance contributed by the connecting DC lines at the
end of FSS prototype. Moreover, the main causes for transmission
loss are dielectric losses, diode losses, the reﬂection losses due to
physical presence of diodes and the soldering material on FSS
surface. Figure 4 depicts the measured transmission and reﬂection
coefﬁcients for TE incidence when the diodes are in ON state. For
0°, 30°, and 45° incident angles, the reﬂection coefﬁcient is almost
0 dB while the transmission loss is 13.1, 14.8, and 15.8 dB,
respectively. Therefore, at 0°, 30°, and 45° angles of incidence, the
transmission loss can be varied by 10.4, 12, and 12.4 dB, respectively, by switching the PIN diodes from OFF to ON state.
This active FSS design is not stable for parallel polarization
(TM). Research is being carried out to address this issue which will
be published elsewhere.

© 2008 Wiley Periodicals, Inc.
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ABSTRACT: We present performance improvement in InP travelingwave modulators (TWMs) using a periodic ion implantation on coplanar
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5. CONCLUSION

In this paper, a single-layer bandpass active FSS is presented. The
design has shown a stable transmission response for oblique TE
incidence in both ON and OFF states. An additional average
transmission loss of about 12 dB has been experimentally achieved
for the angles of incidence considered, by switching PIN diodes
between forward and reverse bias. A further isolation can be
obtained by using a dielectric with a low loss tangent and better
quality PIN diodes. Besides other applications, it may ﬁnd use in
the intelligent Spectrum Selective Island (ISSI) applications.
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1. INTRODUCTION

High-speed optical modulators are critical components in ﬁberoptic RF signal transmission, high-bit-rate lightwave systems, and
optoelectronic signal processing. LiNbO3 modulators have been
widely used for these applications [1]. However, semiconductor
modulators possess great potential for monolithic integration with
active devices (such as lasers and optical ampliﬁers) [2, 3] and
passive devices [4] to create compact, robust, and functional
photonic micro-systems. Figure 1 shows such a monolithic integrated InP optical arbitrary waveform generation (OAWG) chip
which includes 10 amplitude and phase modulators, two arrayed
waveguide gratings (AWGs), and semiconductor optical ampliﬁers
[5]. Here, a de-mux AWG splits the wavelengths of an input short
pulse into 10 different waveguides, and then, each wavelength
goes through an electro-absorption-based amplitude modulator and
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Figure 1 Monolithic integrated optical arbitrary waveform generator
chip [5]. [Color ﬁgure can be viewed in the online issue, which is available
at www.interscience.wiley.com]

an electro-optic-based phase modulator. Afterwards, the 10 wavelengths are multiplexed onto a single waveguide. User-speciﬁed
optical waveform is generated by amplitude and phase modulation
between two AWGs. In this application, high-speed amplitude and
phase modulators are critical components to create truly arbitrary
waveforms at an extremely broad bandwidth. Two types of modulators are commonly used on semiconductor materials: one based
on a Schottky electrode conﬁguration [6, 7] and the other based on
a p-i-n structure. The Schottky modulator conﬁguration shows
ultra-high speed responses but is difﬁcult to integrate with other
photonic active devices on the same semiconductor substrate.
Thus, the p-i-n modulator is the typical structure of choice for
photonic microsystems [2, 3, 8, 9]. However, this structure is
plagued by the thin intrinsic layer, between p-type and n-type
cladding used for strong electric ﬁelds, creating a large capacitance. This large capacitance results to a low characteristic impedance (typically around 20 ⍀–30 ⍀) generating large signal reﬂections to common 50-⍀ terminated microwave systems.
Furthermore, the microwave velocity is typically slower than the
optical velocity. For long, traveling-wave modulators, this velocity
mismatch becomes the bottleneck towards higher speed modulating for low voltage operation.
In this article, we report a new approach to tune both the
microwave velocity and characteristic impedance of TWMs, which
is a step toward high performance monolithic photonic microsystems with RF devices. This is achieved by periodically implanting
He⫹ ions in p-type layer, providing the designer another option to
obtain desired microwave characteristics. InP/InGaAsP travelingwave Mach-Zehnder electrooptic modulators have been designed,
fabricated and measured for this study. The design concept and
simulation results of TWM using ion implantation will be ﬁrst
presented, and the measurement results and analysis of the fabricated devices will follow.

locity in region B is much slower than optical velocity due to high
capacitance formed by p-i-n structure.
By periodically varying the ion implantation onto the p-type
layer, we have designed TWMs to increase the microwave impedance and decrease the microwave velocity. A periodic unit cell is
deﬁned and analyzed using Sonnet simulator [10]. The entire
device characteristics are estimated by one unit cell and cascading
its result to the fabricated device length. The material parameters
for the simulation are gathered from published literatures [11-13].
Simulation results, shown in Figure 3, verify that periodic variations in regions A and B affects the Z0, propagation loss and
microwave refractive index of the p-i-n modulator. As more of the
p-clad is occupied by He⫹ ion implants, the microwave refractive
index decreases and Z0 increases. The drawback is a decrease in
the optoelectronic modulating efﬁciency. However, this issue can
easily be resolved by increasing the length of the modulator. Thus,
the microwave propagation loss becomes the dominant affect in
TWM design, and it is shown in Figure 3(b) that the total propagation loss is not signiﬁcant in He⫹ implantation region but in the
p-i-n region. Thus, one can conclude that this ion implant technique can be used to adjust microwave refractive index and characteristic impedance of TWMs to improve the microwave characteristics of the p-i-n modulator.
3. FABRICATION OF TRAVELING-WAVE MODULATORS

The fabricated TWM is based on a Mach-Zhender interferometer
(MZI) conﬁguration using an InGaAsP/InP ridge-type waveguide
with a p-i-n doping proﬁle as shown in Figure 4. One arm of the
optical signal transverses through the p-i-n structure described
before. An RF signal superimposed onto the TW-CPW gold electrodes to modulate the optical carrier signal. The period of segmentation is chosen to have enough cut-off frequency to minimize
the undesirable characteristics on the range of interesting frequencies due to periodic segmentation [14]. This results in periodically
segmented regions of ion implanted (8 m long) regions and with
a p-i-n optoelectronic modulation length (24 m long). The signal
electrodes are periodically contacted on p-InGaAs layer using 3
m wide opening of BCB layer.
The p-i-n InGaAsP/InP layer stacks consist of 0.1 m pInGaAs/1.92 m p-InP/0.5 m undoped InGaAsP (bandgap
⬃1.15 m)/1.92 m n-InP/0.1 m n-InGaAs/0.6 m n-InP/0.05
m InGaAsP/0.1 m undoped InP grown on semi-insulating an

RF Electrode (Ground)
RF Electrode (Signal)
RF Electrode (Ground)

A

B

2. DESIGN OF TRAVELING-WAVE MODULATORS

The schematic design concept of the CPW electrodes is shown in
Figure 2 where the modulator is segmented into two regions A and
B; He⫹ ion implantation creates vacancies in the p-InP conductive
layer changing it to an insulating material. This technique results
in faster microwave velocity (lower Nmeff) and higher impedance
are achieved in the region A. Region B is the conventional p-i-n
structure, which typically shows low impedance. Microwave ve-
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A region: ion implanted
Vmicrowave > Voptical

B region: p-i-n modulator
Vmicrowave < Voptical

Figure 2 Design Concept of TWM CPW to optimize microwave refractive index and characteristic impedance. [Color ﬁgure can be viewed in the
online issue, which is available at www.interscience.wiley.com]
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Figure 5 Measured I-V characteristics of two pads on p-InP. [Color
ﬁgure can be viewed in the online issue, which is available at www.
interscience.wiley.com]
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of He⫹ ions at different energies are carefully chosen for
creating enough vacancies in p-InP layer using SRIM calculation [15]. After the He⫹ ion implantation step, the 3 m ridge
waveguide selectively wet etched with HCl: H3PO4 with a SiO2
mask. Further mesa wet etchings are used to open the n-contact
layer and expose the semi-insulation region. Photodeﬁnable
Benzocyclobutene (BCB) is then spun, patterned, and cured at
250 Co for 1 hour to smoothen the metal transition between the
different material layers and electrical isolation. The CPW
electrodes are formed by 20 nm T20 nm P m Au e-beam
evaporation and lift-off. Rapid thermal annealing is performed
at 380 Co for 45 sec to reduce the contact resistance. The signal,
gap and ground width of electrodes are varied for TWM optimization. Finally, the devices are lapped and cleaved for testing. This epi-layer process is compatible other photonic devices
to realize a monolithic integrated photonic system as described
before.

(b)
4. MEASURED RESULTS
Figure 3 (a) Simulated characteristic impedance, and microwave effective index. (b) Simulated Propagation loss of TWM CPW for various signal
widths and signal to ground gaps at 10 GHz. [Color ﬁgure can be viewed
in the online issue, which is available at www.interscience.wiley.com]

InP substrate. Fabrication of the modulators starts with He⫹ ion
implantation with a photoresist mask. p-InGaAs layer of the
ion-implanted region is removed before ion implantation. Doses

Figure 4 Top-Down photograph of the fabricated CPW on top of MZI.
[Color ﬁgure can be viewed in the online issue, which is available at
www.interscience.wiley.com]
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The conductivity of p-InP cladding layer, with and without He⫹
ion implantation, are measured using a current-voltage measurement. p-InP cladding layers are mesa etched to conﬁne the
current path and He⫹ implantation is performed between metal
pads at different distances. Figure 5 shows the measured characteristics of two metal pads on p-InP with and without ion
implantation. Measured resistances between two pads are
around 0.73 k⍀, 1.4 k⍀, and a sub-Ohms for 40 m, 80 m
separation and without ion implantation respectively. Measured
resistances of the ion-implanted region result in a few thousands times higher than the ones of the region without ion
implantation. This conﬁrms that He⫹ ion implantation was
correctly performed to change p-InP conducting layer to an
insulation material.
S-parameter measurements are performed on a Cascade
probe station, using Cascade probes, and an Agilent E8364B
Performance Network Analyzer (PNA). A Line-Reﬂect-Match
(LRM) calibration establishes the reference plane up to the
probe tips. Nmeff has been extracted from measured S-parameters. Figure 6 shows the measured S-parameters and extracted
Nmeff at different biases voltages of the device: CPW parameters of the fabricated device are signal width (8 m), separation
(20 m) between signal and ground, and ground width (20 m).
Segmented ion implantation has been performed for tuning
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Figure 6 (a) Measured S-parameters, and (b) extracted effective microwave refractive index (Nmeff) and characteristic impedance (ohm). [Color
ﬁgure can be viewed in the online issue, which is available at www.
interscience.wiley.com]

microwave velocity and characteristic impedance. The device
has a total length of 4 mm with periodic ion-implanted regions
(8 m) and p-i-n regions (24 m). Without ion implantation,
Nmeff was measured to be between 9 and 11 and return loss was
very high (around ⫺5dB) due to low characteristic impedance
on the similar device structure. Periodic ion-implantation reduces Nmeff and increases the characteristic impedance. Nmeff
was measured to be around 4.5 and return loss was measured to
be around ⫺11 dB at 0V bias voltage for the device with
periodic ion-implanted regions (8 m) and p-i-n regions (24
m). The device performance is further improved by increasing
a reverse bias. This is due to the reduced capacitance of the
device when the reverse bias is increased. The measured return
loss is lower than ⫺12 dB across the entire frequency when
⫺10 V applied to the electrodes. The extracted Nmeff is also
reduced when the reverse bias is increased and varies 4.1–3.7
between 10 GHz and 50 GHz at ⫺10 V bias voltage. Theoretical optical group index for the fabricated waveguide structure
is estimated to be around 3.6 at 1550 nm. Nmeff can be further
reduced to match an optical group index by using deep wet
etching on the ridge waveguide structure or adjusting the periodicity of the ion implantation and p-i-n regions.

2154

In this article, we report techniques to increase the impedance and
increase the microwave velocity of traveling-wave p-i-n modulators using ion implantation. We have successfully tuned the microwave refractive index and characteristic impedance to achieve
the better performance of traveling-wave modulators on p-i-n
structure. These devices are compatible with other photonic devices, such as lasers, SOAs and passive structures, to realize
monolithic integrated photonic microsystems. The fabricated InGaAsP/InP TWMs with an ion implantation show improved device performance with a return loss of lower than ⫺12 dB and
reduced effective microwave refractive index to match an optical
group index.
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ABSTRACT: A 24-GHz single-pole, single-throw (SPST) switch with
high isolation is designed using InGaP/GaAs HBT process. To obtain
high isolation in an off state, cascode structures are utilized and an additional shunt transistor is introduced in an output, which helps to reject
a leakage signal. Dummy cascode structure is used as a current steering
circuit for input matching and short rise/fall time. The fabricated SPST
switch shows an effective isolation of ⬃52 dB at 22.8 GHz and 41 dB at
24 GHz. © 2008 Wiley Periodicals, Inc. Microwave Opt Technol Lett
50: 2155–2158, 2008; Published online in Wiley InterScience (www.
interscience.wiley.com). DOI 10.1002/mop.23606
Key words: SPST switch; active switch conﬁguration; high effective
isolation; UWB signal generation

improve the isolation characteristic at 24 GHz. The measured
results of the proposed switch show the best isolation performance
among the active-type SPST switches.
2. SPST SWITCH FOR HIGH ISOLATION

While conventional passive-type switch has high isolation between
input and output ports in an off-state and high power capability, it
also includes an insertion loss. Moreover, it cannot be applied for
the UWB pulse generation using CW signals due to the limit of
operating speed. Compared with the passive-type switch, the active-type switch can operate with faster operating speed [5].
Figure 1 shows a schematic of the proposed SPST switch. The
switch consists of seven transistors. A turn-on voltage of InGaP/
GaAs HBT in the designed circuit is 1.24 V. In the on-state of the
switch, control voltage “⫹Vcont” in Figure 1 is set up to be 1.5 V,
and “⫺Vcont ” in Figure 1 is set up to be 1 V. Then Q1, Q3, and
Q5 are operating in an on-state and Q2, Q4, Q6, and Q7 are
operating in an off-state as shown in Figure 2(a) because the bias
control voltage of Q2 is lower than the turn-on voltage of a
transistor. Q2, Q4, and Q6 as dummy transistors do not have an
effect on the switching operation. Input impedance is determined
by a parallel circuit consisting of turned-on Q1 and turned-off Q2.
In the on-state, the SPST switch is operating as a cascode ampliﬁer, so the switch has a voltage gain while a conventional passivetype switch has an insertion loss. In the off-state, Q4 turns on and
Q3 turns off due to the applied control voltages. So Q1 and Q5 are
off, Q2 and Q6 are on as shown in Figure 2(b). RF input signal is
ideally bypassed to the ground and it’s not transmitted to output
port. But in a real world, the RF signal is transmitted to output port
through transistor parasitic. Because the cascode transistor makes
high isolation between input and output ports in the off-state, a
leakage signal can be decreased greatly [6]. Additional transistor
Q7 in output load is controlled by “⫺Vcont” and it provides a
leakage signal path, which results in the isolation improvement of
the switch. Because the input impedance is almost same, regardless of the switch states, the reﬂected signal power is almost
constant in any state of the switch. When the reﬂected signal power
varies with input impedance unsettled by the switch operation, the
power spiking can be generated and can damage the signal source.
To minimize the switching time, the current steering technique is
used for the switch design [7]. Q2, Q4, and Q6 are dummy transistors for the current steering technique of high-speed operation.

1. INTRODUCTION

Recently, a signal generation block for keeping a wideband characteristic and generating pulse signals efﬁciently is one of the most
important research topics in UWB radar sensor [1]. There are two
general methods for the signal generation; one is to generate pulse
signals directly using pulse generator or impulse generator, and the
other is to use a high speed switch together with a conventional
CW signal generator to shape the pulse signal [2]. The latter makes
it possible for the radar sensor to operate in FMCW and pulse
modes [3]. The important characteristic of the switch required in
the signal generation block is isolation because isolation between
input and output ports decides the power of a leakage signal when
the switch state is off. Because of the limited isolation level, high
frequency signals can be transmitted in the unwanted time and the
pulse shaping is not properly performed for the radar sensor [4]. In
addition, Tx output spectrum violates the Federal Communications
Commission (FCC) spectrum mask regulation when Tx leakage
signal is over ⫺40-dBm signal power.
In this work, a scheme to place an additional shunt switch at the
output load path of cascode type active SPST switch is proposed to
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Figure 1 A schematic of the SPST switch with high isolation using HBT
process
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