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Abstract— InP high electron mobility transistors
(InP HEMTs) with different spacer thickness 1 to 7 nm in
the InAlAs-InGaAs heterostructure have been fabricated
and characterized at 5 K with respect to electrical dc
and rf properties. The InP HEMT noise performance was
extracted from gain and noise measurements of a hybrid
low-noise amplifier (LNA) at 5 K equipped with discrete
transistors. When biased for optimal noise operation,
the LNA using 5 nm spacer thickness InP HEMTs achieved
the lowest average noise temperature of 1.4 K at 4-8 GHz.
The InP HEMT channel noise was estimated from the drain
noise temperature which confirmed the minimum in noise
temperature for the 5 nm spacer thickness InP HEMT. It is
suggested that the spacer thickness acts to control the
degree of real-space transfer of electrons from the channel
to the barrier responsible for the observed noise variation
in the cryogenic InP HEMTs.

Index Terms— Cryogenic, InP HEMT, low-noise amplifier,
noise, spacer thickness.

I. INTRODUCTION

THE InP high electron mobility transistor (InP HEMT) is
the workhorse device for the design of the cryogenic low

noise amplifier (LNA) which offers the lowest noise tempera-
ture among all semiconductor-based circuits [1]. Applications
are found in microwave and mm-wave receivers for radio
astronomy and space communication [2]. At present, there is
a rapid development of electronic devices used in quantum
computing systems [3]. The cryogenic InP HEMT LNA has
here become instrumental for the readout of microwave qubits
at the 4 K stage [4], [5]. To further improve the qubit readout,
the noise properties at low temperature for the InP HEMT are
crucial.

It is well known that engineering of the InP HEMT epi-
taxial structure plays a decisive role for the device electrical
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Fig. 1. Schematic of epitaxial stack used in HEMT fabrication. The table
shows the investigated variation in spacer (and barrier) thickness.

performance [6] and this becomes even more critical under
cryogenic operation [5]. Previous work demonstrated that the
carrier concentration and the scattering of carriers in the
HEMT channel were highly dependent on the location of the
planar doping layer in relation to the heterojunction [7], [8].
Hence the choice of spacer thickness is expected to modify
the properties of the two-dimensional electron gas (2DEG)
which in turn is essential for the HEMT noise performance.
To the authors knowledge, this has not been reported for the
HEMT operating under the temperature conditions used in
cryogenic LNAs.

In this study, we report on the optimum spacer thickness in
the InAlAs-InGaAs heterojunction for lowest channel noise in
the cryogenic InP HEMT LNA. The results suggest that the
noise can be related to the amount of real-space transfer of
electrons between channel and barrier in the InP HEMT.

II. DEVICE TECHNOLOGY

The epitaxial layers were grown by molecular beam epitaxy
on 3-inch diameter InP substrates. Starting from the bottom,
the epitaxial stack consisted of a 500 nm thick In0.52Al0.48As
buffer and a 15 nm pseudomorphic In0.65Ga0.35As channel
layer. Fig. 1 shows a schematic of the InP HEMT epitaxial
layers above the buffer. By growing an In0.52Al0.48As layer
with a Si δ-doped plane on top of the channel, a heterojunction
with a 2DEG was formed. The spacer thickness was the
distance between the top of the channel and the δ-doped layer.
Four different samples with spacer thickness dsp of 1, 3, 5 and
7 nm were grown. The δ doping level was calibrated to keep
the sheet carrier concentration at a constant value of 2.5 ×
1012 cm−2 for all four structures. The In0.52Al0.48As barrier
thickness above the δ-doped layer was adjusted accordingly so
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Fig. 2. Drain current versus drain voltage of InP HEMT with spacer
thickness of 1 (blue solid), 3 (red dashed), 5 (green solid-circle)
and 7 nm (yellow dash-dot) at 5 K.

that the total thickness of the barrier and spacer layer was 9 nm
for all four structures, see table insert in Fig. 1(a). To improve
etching selectivity for the subsequent cap layer, a 4 nm thick
InP etch stop layer was grown on the barrier [9]. The InP etch
stop layer also served to passivate material-related defects in
the gate recess region [10]. The epitaxial stack was finalized
by growing a 20 nm thick n+ In0.53Ga0.47As cap layer.

The measured Hall electron mobility at 5 K for epitaxial
structures without cap layer was 17,000, 39,000, 53,000 and
54,000 cm2/Vs for structures with dsp = 1, 3, 5 and 7 nm,
respectively. The sheet carrier concentration at 5 K showed
only a ±10% dependence on spacer thickness.

InP HEMTs using epitaxial structures with different dsp

were fabricated simultaneously employing the technology
described in [2]. The transistor gate length and gate width
were 100 nm and 4×50 μm, respectively.

III. RESULTS

InP HEMTs with different spacer thicknesses were elec-
trically characterized on-wafer at 5 K. The drain current
versus drain voltage curves in Fig. 2 showed expected output
behavior with no obvious kink effect previously reported for
cryogenic InP HEMTs [2]. This is attributed to the efficient
suppression of surface traps in the gate-recess region by the
InP etch stop layer [9]. In saturation, all transistors displayed
similar current driving ability except for InP HEMTs with
dsp = 1 nm where the drain current was lower. This was
expected due to the relatively low Hall electron mobility and
high sheet resistance at 5 K for dsp = 1 nm.

The gate current Ig of the InP HEMTs with different spacer
thickness is plotted in Fig. 3. All devices exhibited low gate
current leakage <1 μA/mm with no impact ionization in the
gate bias range between 0 and +0.2 V and drain-source bias
lower than 0.5 V. Under such bias conditions, the InP HEMT
is close to its optimum low-noise region. The amount of gate
leakage shown in Fig. 3 is not expected to degrade the noise
temperature in the LNA [11]. From the drain current versus
gate voltage characteristics, the subthreshold swing (SS) at
Vds = 0.1 V was calculated to be 24, 20, 12 and 13 mV/dec
for dsp = 1, 3, 5 and 7 nm, respectively. The SS levels for

Fig. 3. Gate current versus gate voltage of InP HEMT with spacer
thickness of 1 (blue solid), 3 (red dashed), 5 (green solid-circle)
and 7 nm (yellow dash-dot) at 5 K. Vds = 0 – 1 V in steps of 0.25 V.

dsp = 5 nm is among the lowest reported for a field-effect
transistor yet beyond the theoretical Boltzmann limit [12].

It was observed from the drain current versus gate voltage
that the threshold voltage Vth varied with dsp. For dsp = 1, 3,
5 and 7 nm, the Vth was −0.2, −0.1, 0.1 V and 0 V, respec-
tively. This was expected because Vth depends on the location
of the δ-doped layer and the doping concentration [13]. With
increased dsp and decreased δ doping level, the Vth will show a
positive shift and vice versa. Hence, there will be a maximum
in Vth , here at 5 nm, when the spacer thickness was increased
from 1 to 7 nm and the δ doping concentration was increased
to keep the sheet carrier concentration in the channel constant.

Since the noise level of the InP HEMT at cryogenic tem-
perature is too low to be accurately estimated from probed
measurements [14], chips were diced into discrete InP HEMTs
which were mounted in three-stage 4–8 GHz hybrid LNAs.
By measuring the gain and noise of the amplifier at 5 K, the
cryogenic transistor noise was possible to extract employing a
methodology described in [14], [15]. All measurements were
performed at the bias point for lowest amplifier noise using
the same attenuator. As a result, the noise difference between
the LNAs could be attributed to the noise difference for the
InP HEMTs with different spacer thickness.

As seen in Fig. 4(a), the amplifier experimental data
at 5 K revealed differences between the LNAs based on InP
HEMTs with varying spacer thickness. All LNAs exhibited
similar gain of around 40 dB which in turn meant high
accuracy for the noise measurements. The noise temperature
of the LNAs decreased with increased dsp from 1 to 5 nm
for InP HEMTs. Considering the relative differences in
noise in Fig. 4(a), the LNA with 5 nm spacer InP HEMTs
exhibited the lowest average noise temperature Te,avg of 1.4 K
at 4-8 GHz. The noise level is on a par with the best result
previously reported for this frequency band [2]. The Te,avg

of LNAs with dsp = 1, 3 and 7 nm was 1.9, 1.7 and 1.6 K,
respectively. The optimum noise bias for the LNA was VDS =
0.51 V, ID = 12.0 mA for dsp = 5 nm and VDS = 0.61 V,
ID = 9.0 mA for dsp = 7 nm. These biases were smaller
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Fig. 4. (a) The measured gain (solid) and noise temperature (dashed)
of three-stage 4-8 GHz hybrid LNAs integrated with the InP HEMT with
dsp = 1 (blue), 3 (red), 5 (green) and 7 nm (yellow) at the optimum noise
bias of each LNA at 5 K. (b) The Td as function of spacer thickness
extracted at optimum noise bias for the InP HEMT at 5 K.

than VDS = 0.75 V, ID = 18.0 mA for dsp = 1 nm and VDS

= 0.73 V, ID = 16.8 mA for dsp = 3 nm. The corresponding
optimum noise bias for the InP HEMTs was Vds = 0.475 V,
Id = 30 mA/mm for dsp = 1 nm, Vds = 0.475 V, Id =
28 mA/mm for dsp = 3 nm, Vds = 0.325 V,
Id = 20 mA/mm for dsp = 5 nm and Vds = 0.475 V,
Id = 15 mA/mm for dsp = 7 nm.

The noise generated in the HEMT was quantified by the
drain noise temperature Td [16]. The Td was extracted by
comparing the measured gain and noise of the LNA with
simulations [2] based on an equivalent small-signal HEMT
model using the measured S-parameters [17]. The intrinsic
small-signal parameters for the investigated InP HEMTs dis-
played similar values which is reasonable since they had
identical geometries. The Td of the InP HEMT extracted at
its optimal noise bias are presented in Fig. 4(b). The error
bars in Td were estimated from the noise simulations through
the frequency band 4-8 GHz. It is observed that Td shows
a minimum for InP HEMT with 5 nm spacer thickness.
Even though the error bars in Fig. 4(b) are large in absolute
numbers, the relative change in Td suggests that noise in the
transistor channel depends upon the spacer thickness of the
cryogenic InP HEMT.

IV. DISCUSSION

The high-frequency noise in the InP HEMT is connected to
the degree of carrier fluctuations in the 2DEG channel. This
will lead to a distribution in electrons velocities related to the
noise spectrum of the InP HEMT [18]. The cryogenic InP
HEMT is here well suited to probe the amount of noise since
the intrinsic channel constitutes the dominant noise source in
the full device [2]. Dopants serve as efficient scattering for
electrons at spacer thicknesses below 5 nm as seen in the
reduction of mobility. While the scattering mechanism of the
2DEG can be of several physical origins, impurities scattering
is supposed to be significant at cryogenic temperature [19]
which is consistent with the measured Hall mobility. Normally,
one strives for a high-mobility channel for reducing noise in
the HEMT as guided by well-known semi-empirical noise
expressions such as the Fukui equation [20]. However, the
channel electrons in the investigated InP HEMTs are expected
to move at saturated velocity [21]. The Hall mobility reflects
the average transport of the 2DEG at low electrical field and

Fig. 5. (a) The drain current at 5 K for InP HEMT with dsp = 1 (blue
solid), 3 (red dashed), 5 (green solid-circle) and 7 nm (yellow dash-dot),
Vgs = 1.14 V. (b) The overdrive voltage VOV = Vgs − Vth at optimum
noise gate bias for the InP HEMT versus dsp at 5 K.

thus gives limited information on the expected noise level in
the intrinsic InP HEMT at low temperature.

A recent theoretical study predicts that real-space trans-
fer (RST) in the InP HEMTs is an important source for
microwave drain noise [23]. RST is the emission of 2DEG
carriers from the channel into the barrier prior to val-
ley transfer [24]. RST noise has earlier been proposed for
GaAs HEMTs [26] and InAlAs/InGaAs/InAlAs/InP quantum
wells [27]. A well-known manifestation of RST in HEMTs
is negative differential resistance (NDR) in the I − V output
curves at elevated gate voltage [25]. This is indeed observed
(Fig. 5(a)) for our InP HEMTs at 5 K for dsp = 1 and 3 nm.
The absence of NDR for dsp = 5 and 7 nm is due to the
higher Vth of the InP HEMTs. Note that the NDR in Fig. 5(a)
is far beyond the low-noise bias of the InP HEMT. RST may
however also occur at low-bias operation and be detectable
as increased noise in the HEMT [23], [26]. In Reference [23],
it is proposed that the fraction of the electron transfer from the
channel to barrier in a HEMT is determined by the conduction
band offset �Ec and gate bias Vgs . However, a HEMT at a
gate bias below Vth cannot have any RST. When comparing
different devices, it is the overdrive voltage VOV = Vgs − Vth

which controls the fraction of transferred electrons. If RST is
responsible for noise in the HEMTs, with �Ec the same for all
the structures, the noise must be minimized for the lowest VOV

at the optimum noise bias. This is confirmed in Fig. 5(b) where
the VOV shows a clear minimum for dsp = 5 nm which is the
InP HEMT with lowest Td (Fig. 4). We therefore hypothesize
that the channel noise probed by Td is due to RST in the
intrinsic InP HEMT at low temperature.

V. CONCLUSION

The channel noise estimated by Td of the cryogenic InP
HEMTs has been studied using a spacer thickness variation
from 1 to 7 nm in the InAlAs-InGaAs heterostructure. It was
found that the Td versus dsp exhibited a clear minimum
at 5 nm. The electron mobility was a poor noise indicator.
The correlation between Td and VOV at the optimum noise
bias with dsp suggests that RST noise can be important in
cryogenic InP HEMTs. The result in this study shows the
significance for epitaxial optimization of the HEMT for use
in LNAs for quantum computing and will help to reduce the
minimum noise temperature in the 4 K readout even further.



1032 IEEE ELECTRON DEVICE LETTERS, VOL. 43, NO. 7, JULY 2022

REFERENCES

[1] J. C. Bardin, “Cryogenic low-noise amplifiers: Noise performance and
power dissipation,” IEEE Solid StateCircuits Mag., vol. 13, no. 2,
pp. 22–35, Jun. 2021, doi: 10.1109/MSSC.2021.3072803.

[2] E. Cha, N. Wadefalk, G. Moschetti, A. Pourkabirian, J. Stenarson, and
J. Grahn, “InP HEMTs for sub-mW cryogenic low-noise amplifiers,”
IEEE Electron Device Lett., vol. 41, no. 7, pp. 1005–1008, Jul. 2020,
doi: 10.1109/LED.2020.3000071.

[3] J. C. Bardin, D. H. Slichter, and D. J. Reilly, “Microwaves in quantum
computing,” IEEE J. Microw., vol. 1, no. 1, pp. 403–427, Jan. 2021, doi:
10.1109/JMW.2020.3034071.

[4] F. Arute, K. Arya, R. Babbush, D. Bacon, J. C. Bardin, R. Barends,
R. Biswas, S. Boixo, F. G. Brandao, D. A. Buell, and B. Burkett, “Quan-
tum supremacy using a programmable superconducting processor,”
Nature, vol. 574, no. 7779, pp. 505–510, 2019, doi: 10.1038/s41586-
019-1666-5.

[5] E. Cha, N. Wadefalk, G. Moschetti, A. Pourkabirian, J. Stenarson, and
J. Grahn, “A 300-μW cryogenic HEMT LNA for quantum computing,”
in IEEE MTT-S Int. Microw. Symp. Dig., Aug. 2020, pp. 1299–1302,
doi: 10.1109/IMS30576.2020.9223865.

[6] T. Enoki, M. Tomizawa, Y. Umeda, and Y. Ishii, “0.05-μm-gate
InAlAs/InGaAs high electron mobility transistor and reduction of its
short-channel effects,” Jpn. J. Appl. Phys., vol. 33, no. 1B, p. 798,
Jan. 1994, doi: 10.1143/JJAP.33.798.

[7] S. Sze and K. Ng, Physics Of Semiconductor Devices, 3rd ed. Hoboken,
NJ, USA: Wiley, 2006, pp. 401–410.

[8] K. Hirakawa, H. Sakaki, and J. Yoshino, “Concentration of electrons in
selectively doped GaAlAs/GaAs heterojunction and its dependence on
spacer-layer thickness and gate electric field,” Appl. Phys. Lett., vol. 45,
no. 3, pp. 253–255, Aug. 1984, doi: 10.1063/1.95202.

[9] G. Meneghesso, D. Buttari, E. Perin, C. Canali, and E. Zanoni,
“Improvement of DC, low frequency and reliability properties
of InAlAs/InGaAs InP-based HEMTs by means of an InP
etch stop layer,” in IEDM Tech. Dig., 1998, pp. 227–230, doi:
10.1109/IEDM.1998.746341.

[10] G. C. DeSalvo, W. F. Tseng, and J. Comas, “Etch rates and selectivities
of citric acid/hydrogen peroxide on GaAs, Al0.3Ga0.7As, In0.2Ga0.8As,
In0.53Ga0.47As, In0.52Al0.48As, and InP,” J. Electrochem. Soc., vol. 139,
no. 3, pp. 831–835, Mar. 1992, doi: 10.1149/1.2069311.

[11] E. Cha, N. Wadefalk, P. Nilsson, J. Schleeh, G. Moschetti,
A. Pourkabirian, S. Tuzi, and J. Grahn, “0.3–14 and 16–28 GHz
wide-bandwidth cryogenic MMIC low-noise amplifiers,” IEEE Trans.
Microw. Theory Techn., vol. 66, no. 11, pp. 4860–4869, Nov. 2018, doi:
10.1109/TMTT.2018.2872566.

[12] A. Beckers, F. Jazaeri, and C. Enz, “Theoretical limit of low tem-
perature subthreshold swing in field-effect transistors,” IEEE Elec-
tron Device Lett., vol. 41, no. 2, pp. 276–279, Feb. 2020, doi:
10.1109/LED.2019.2963379.

[13] M. Malmkvist, S. Wang, and J. V. Grahn, “Epitaxial optimization
of 130-nm gate-length InGaAs/InAlAs/InP HEMTs for high-frequency
applications,” IEEE Trans. Electron Devices, vol. 55, no. 1, pp. 268–275,
Jan. 2008, doi: 10.1109/TED.2007.910613.

[14] J. L. Cano, N. Wadefalk, and J. D. Gallego-Puyol, “Ultra-wideband chip
attenuator for precise noise measurements at cryogenic temperatures,”
IEEE Trans. Microw. Theory Techn., vol. 58, no. 9, pp. 2504–2510,
Sep. 2010, doi: 10.1109/TMTT.2010.2058276.

[15] N. Wadefalk, A. Mellberg, I. Angelov, M. E. Barsky, S. Bui,
E. Choumas, R. W. Grundbacher, E. L. Kollberg, R. Lai, N. Rorsman,
and P. Starski, “Cryogenic wide-band ultra-low-noise IF ampli-
fiers operating at ultra-low DC power,” IEEE Trans. Microw.
Theory Techn., vol. 51, no. 6, pp. 1705–1711, Jun. 2003, doi:
10.1109/TMTT.2003.812570.

[16] M. W. Pospieszalski, “Extremely low-noise amplification with
cryogenic FETs and HFETs: 1970–2004,” IEEE Microw. Mag.,
vol. 6, no. 3, pp. 62–75, Sep. 2005, doi: 10.1109/MMW.2005.
1511915.

[17] N. Rorsman, M. Garcia, C. Karlsson, and H. Zirath, “Accurate small-
signal modeling of HFET’s for millimeter-wave applications,” IEEE
Trans. Microw. Theory Techn., vol. 44, no. 3, pp. 432–437, Mar. 1996,
doi: 10.1109/22.486152.

[18] J. Mateos, T. Gonzalez, D. Pardo, P. Tadyszak, F. Danneville, and
A. Cappy, “Noise and transit time in ungated FET structures,” IEEE
Trans. Electron Devices, vol. 44, no. 12, pp. 2128–2135, Dec. 1997,
doi: 10.1109/16.644625.

[19] T. Matsuoka, E. Kobayashi, K. Taniguchi, C. Hamaguchi, and S. Sasa,
“Temperature dependence of electron mobility in InGaAs/InAlAs het-
erostructures,” Jpn. J. Appl. Phys., vol. 29, no. 1, no. 10, pp. 2017–2025,
Oct. 1990, doi: 10.1143/JJAP.29.2017.

[20] H. Fukui, “Optimal noise figure of microwave GaAs MESFET’s,” IEEE
Trans. Electron Devices, vol. ED-26, no. 7, pp. 1032–1037, Jul. 1979,
doi: 10.1109/T-ED.1979.19541.

[21] M. V. Fischetti, “Monte Carlo simulation of transport in tech-
nologically significant semiconductors of the diamond and zinc-
blende structures. I. Homogeneous transport,” IEEE Trans. Electron
Devices, vol. 38, no. 3, pp. 634–649, Mar. 1991, doi: 10.1109/
16.75176.

[22] A. R. Trivedi, S. Carlo, and S. Mukhopadhyay, “Exploring tunnel-
FET for ultra low power analog applications: A case study
on operational transconductance amplifier,” in Proc. 50th Annu.
Design Autom. Conf. (DAC), 2013, pp. 1–6, doi: 10.1145/2463209.
2488868.

[23] I. Esho, A. Y. Choi, and A. J. Minnich, “Theory of drain noise in high
electron mobility transistors based on real-space transfer,” J. Appl. Phys.,
vol. 131, no. 8, Feb. 2022, Art. no. 085111, doi: 10.1063/5.0069352.

[24] R. A. Höpfel, J. Shah, D. Block, and A. C. Gossard, “Picosecond time-
of-flight measurements of minority electrons in GaAs/AlGaAs quantum
well structures,” Appl. Phys. Lett., vol. 48, no. 2, pp. 148–150, Jan. 1986,
doi: 10.1063/1.96979.

[25] J. Laskar, J. M. Bigelow, J.-P. Leburton, and J. Kolodzey, “Exper-
imental and theoretical investigation of the DC and high-frequency
characteristics of the negative differential resistance in pseudo-
morphic AlGaAs/InGaAs/GaAs MODFET’s,” IEEE Trans. Electron
Devices, vol. 39, no. 2, pp. 257–263, Feb. 1992, doi: 10.1109/
16.121681.

[26] M. Feng, D. Caruth, S. K. Hsia, and J. A. Fendrich, “Real
space transfer noise of GaAs p-HEMTs,” in Proc. IEEE 24th
Int. Symp. Compound Semiconductors, Sep. 1997, pp. 463–466, doi:
10.1109/ISCS.1998.711707.

[27] A. Matulionis, V. Aninkevicius, J. Berntgen, D. Gasquet,
J. Liberis, and I. Matulioniene, “QW-shape-dependent hot-electron
velocity fluctuations in InGaAs-based heterostructures,” Phys. Status
Solidi B, vol. 204, pp. 453–455, Nov. 2001, doi: 10.1002/1521-
3951(199711)204:1<453::AID-PSSB453>3.0.CO;2-V.

http://dx.doi.org/10.1109/MSSC.2021.3072803
http://dx.doi.org/10.1109/LED.2020.3000071
http://dx.doi.org/10.1109/JMW.2020.3034071
http://dx.doi.org/10.1038/s41586-019-1666-5
http://dx.doi.org/10.1038/s41586-019-1666-5
http://dx.doi.org/10.1109/IMS30576.2020.9223865
http://dx.doi.org/10.1143/JJAP.33.798
http://dx.doi.org/10.1063/1.95202
http://dx.doi.org/10.1109/IEDM.1998.746341
http://dx.doi.org/10.1149/1.2069311
http://dx.doi.org/10.1109/TMTT.2018.2872566
http://dx.doi.org/10.1109/LED.2019.2963379
http://dx.doi.org/10.1109/TED.2007.910613
http://dx.doi.org/10.1109/TMTT.2010.2058276
http://dx.doi.org/10.1109/TMTT.2003.812570
http://dx.doi.org/10.1109/22.486152
http://dx.doi.org/10.1109/16.644625
http://dx.doi.org/10.1143/JJAP.29.2017
http://dx.doi.org/10.1109/T-ED.1979.19541
http://dx.doi.org/10.1063/5.0069352
http://dx.doi.org/10.1063/1.96979
http://dx.doi.org/10.1109/ISCS.1998.711707
http://dx.doi.org/10.1002/1521-3951(199711)204:1<453::AID-PSSB453>3.0.CO;2-V
http://dx.doi.org/10.1002/1521-3951(199711)204:1<453::AID-PSSB453>3.0.CO;2-V
http://dx.doi.org/10.1109/MMW.2005.1511915
http://dx.doi.org/10.1109/MMW.2005.1511915
http://dx.doi.org/10.1109/16.75176
http://dx.doi.org/10.1109/16.75176
http://dx.doi.org/10.1145/2463209.2488868
http://dx.doi.org/10.1145/2463209.2488868
http://dx.doi.org/10.1109/16.121681
http://dx.doi.org/10.1109/16.121681


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


