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Abstract—A new spectrometer for the precision measurement between a specimen and a waveguide corrupt the waveguide
of dielectric permittivity and loss tangent is presented. The new measurements.
instrument is capable of providing high-resolution data for the The Mach—Zehnder interferometer (purely optical) with a

first time over an extended W-band (68-118 GHz) frequency tunabl f radiati h backward illat
for specimens with a large range of absorption values, including unable source of radiation, such as a backward wave oscillator

highly absorbing specimens that otherwise would not be possible. (BWO), was successfully employed at frequencies above
A novel technique based on the unbalanced bridge is developed150 GHz [3]. The new system presented here expands the
for the measurement of the phase of the wave passed through thegpplication of BWO for complex dielectric measurements

specimen in free space (quasi-optical) with reference provided by e|qy 150 GHz for the first time. The spectrometer is capable

a waveguide arm. Specially constructed precision waveguide and . . . .
quasi-optical components allowed reliable broadband operation. of providing the unique broadband data for specimens with a

A number of common dielectrics are measured, and results are large range of insertif)n losses.
compared with previously reported data. The use of the guided wave for the phase reference of the

Index Terms—Dielectric constants, dielectric materials, System we developed here simplified the system over the
Gaussian beams, millimeter waves, permittivity, quasi-optics, Mach—Zehnder interferometer. The combination of quasi-op-
W-band, waveguide bridge. tical specimen channel and waveguide reference channel
makes this bridge inherently unbalanced. A new theory for the
measurement of real and imaginary parts of complex dielectric
permittivity with the unbalanced bridge is developed here. The
V ARIOUS methods of dielectric measurements in Milsmployment of the unbalanced bridge allowed us to perform

limeter-wave range have been reported in recent yeaggeasurements of the real part of dielectric permittivity of
Detailed review and comparison of these methods can Bgsorbing materials with high accuracy. The measurement of
found elsewhere [1], [2]. Most of the methods below 150 GHge real part of permittivity values for such materials would
(Fabry—Perot resonators, methods with solid-state sourcesygf hard to implement with other available techniques. The
radiation) provide data at a single frequency. A few (differenflequency tuning of the stable tunable source of radiation
measurement systems must be employed to obtain data ov@fi@inates the mechanical scanning of the bridge. Careful
broader band. Fourier transform spectrometry (FTS), astandagj;ign of the system based on Gaussian beam optics allowed
reliable broadband measurement method for frequencies abgy&q extend the working range of the BWO based system to
120 GHz, cannot perform well at lower frequencies [1], [2ly-band. The systematic errors caused by nonflat wave-front
The extremely low power of the thermal source is the maj@icident on the specimen are avoided in this case. The diameter
reason of deteriorated low-frequency performance. A typicg} the material specimen can be as small as 15 mm.
frequency resolution of FTS of tens of gigahertz also limits Roytine measurements of absorbing materials such as Mylar,
its application below 120 GHz. The present day networks|yester, Macar(machinable ceramic), and water can now be
analyzer cannot provide sufficient power for the measuremefhde with ease. We are presenting reliable data for the real and
of absorbing materials, although the frequency can be swephginary part of complex dielectric permittivity for acrylic,
at centimeter and longer millimeter-wave frequencies. Varior}.’h%xiglas, nylon, delrin, polyethylene, TPX, epoxy resin, Teflon,
techniques based on generation of subharmonics of a low-figjiystyrene, Mylar, alumina, Macor, zinc selenide, zinc sulfide,
quency source does not perform well for even moderatgljgh conductivity germanium, and silicon from 70 to 117 GHz.

absorbing specimens because the generated power is low, Q¢ data are compared with previously published results mea-
loss in quasi-optical channel can not be compensated by ged at other frequencies.

sensitive detection method. Errors arising from the air gap
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Fig. 1. The block diagram of a neW/ -band unbalanced bridge spectrometer. A specimen is placed in the quasi-optical arm of the bridge. A number of
free-standing wire-grid polarizers are employed to control attenuation and polarization of the beam. The reference arm employs specia#iy colhétanci
components. Both room-temperature Schottky diode detector and liquid helium cooled InSb detectors were employed for detection of energy.

free-standing wire-grid polarizing attenuators. A specially maghannelsk is the propagation constant in free space, &nd
ufactured corrugatedd’-band horn antenna allows tlhE-band is the whole number corresponding to the number of the min-
energy to take the shape of a Gaussian beam, which transnmtam. The period of oscillations can be found from the differ-
through a polyethylene lenses. A specimen, prepared in the foence equatiod” = f,,, — f..+1. The analysis of this equation
of a flat parallel slab of material, is placed in the central waishows that the period of oscillation depends on the operation
on a carbon-loaded absorbing diaphragm. A direct-reading pfeequency and changes drastically over #iveband (75-110
cision attenuator is used in the reference arm. The second 3@Hz) because of the rapidly changing propagation constant in
directional coupler combines radiation of both arms. The recotfte waveguide part of the system. The insertion of a specimenin
bined beam is then detected using the Schotky diode detectottw free-space arm of the interferometer causes the increase of
a specially constructed liquid helium cooled sensitive InSb dthte period of interferogram oscillations. The slightly increased
tector when high sensitivity is needed. period leads to the drift of the relative positions of minimums
Usually, interferometric measurements are performed by bakhd maximums. An example of the experimentally recorded
ancing two arms of an interferometer [3], [7], [16]. If an elecinterferogram is presented in Fig. 2. The solid line represents
tronically tuned radiation source is used, such as a BWO, ttecording without specimen in the measurement arm, and the
measurements can be realized without balancing the armsdashed line represents the measurement with a specimen. The
the bridge. In fact, it is impossible to balance this bridge ovexpanded part of the interferogram illustrates the procedure of
the entirei¥-band because of the significant difference in ththe phase calculation. Despite a lengthy derivation, the recipe
propagation constants of the waveguide and the free spacefdnthe phase measurement is fairly simple. The phase is calcu-
an unbalanced bridge, with the power nearly equally divided blated with the formula
tween two channels, the output signal recorded as a function of f
frequency is an oscillating function with sharp minimums re- @ = < + l) -2
sulting from the interference of two coherent waves. The plane
parallel specimen, placed in a quasi-optical arm, changes the srere A f is the distance between two neighboring minimums
tical length of the channel, which results in a frequency shift @ind /' is the period of oscillations of the reference scan. The
aninterferogram. The change of frequency positions of the mirefractive index of a specimen can be found with
imums enables us to obtain the phase shiftinformation related to cp
the refractive index of a specimen material. Minimums in fre- n= d_f +1 3)
guency spectrum appear very often because of the significant
misbalance between bridge arms. This misbalance, arm lengtgerec is velocity of light, f is frequency of radiation, andis
difference, determines the resolution of the data obtained witickness of a specimen.

the new technique. The frequency positions of the minimumsThe frequency resolution of the interferometer is determined
can be found from the equation of interference of two wavesby the distance between minimums and therefore depends on the

degree of misbalance of interferometer. The length of the arms
4klga® + 2all, UG — 12 + 4k2a? was chosen as a compromise between the resolution and uncer-
12 1 ak2a2 (1) tainty in the determination of phe_lse. This uncertainty is related
0 to the smallest frequency step size, which can be generated by
wherea is the dimension of théV -band waveguidé,, is the the source of radiation, a combination of BWO and DAC, which
length of the guided channelg, is the length of the free-spacecontrols it. The smallest phase change that can be detected by
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reference interferogram
— — interferogram with specimen Frequency [GHz]
in the measurement arm
‘ ‘ ' ' Fig. 3. Phase spectra for the 18.687-mm-thick Macor specimen. The wave
920 95 100 105 110 ; . : : .
passing though the specimen experiences multiple rotatioB6@ ) of phase.
Frequency [GHz] The solid line is the linear fit of the experimental data passing through the

origin. The average of the refractive index spectra, derived from this phase
measurement, is 2.379.

Fig. 2. Two interferograms recorded as a function of frequency. One

interferogram was recorded with a specimen in the quasi-optical arm and the

other without the specimen. The change in phase can be determined fror

shifted positions of interferogram minima. The ratlof / F'x«360 gives the T
phase shift of the wave passed through the specimen. CATRCACATAC A R R A R
VAVATAVAVAVAVAVAVAVAVAVITL
VAN Y VVVYVVVY LIRS
the interferometer is a ratio of the smallest step size to the pe ¢ VV\ . LnSe
riod of the recorded interferogram. 3 - VV\’\/\%
An example of a phase spectrum recorded with the new in- § 0.1 Macor
strumentation is shown in Fig. 3. The spectrum was recordel §
with a Macor specimen. The resolution of this spectrum varies £ N Water cell
from 70 MHz around 70 GHz to 150 MHz around 115 GHz. “g e AN N
The error in determination of the phase does not exceéd 15 £ udl \\// ‘\\
This error in determination of phase translates into precision o & .01 o
refractive index on the order of 0.005 for this specimen. The re- E
sulting spectrum of refractive index shows slight dispersion with =
the mean value of 2.379 ¥ -band, which is in excellent agree-
ment with previously reported data [1], [2] and with the values
obtained from the periodic pattern of transmittance spectra. ~ 0-0001
The transmittance spectra of specimens of materials wer 70 80 % 100 110 120
recorded without the waveguide reference arm. The transmit Frequency [GHz]

tance spectra of specimens with various values of absorption
are shown in Fig. 4. The high resolution of the instrument&ig. 4. Transmittance spectra for (from top to bottom) 13.262-mm-thick

tion allows the determination of dielectric permittivity for thickZnSe specimen, 18.687-mm-thick Macor specimen, fused silica cell with
low-| . ith hiah precision by analvzing the e0._450—mm layer of water (recorded with liquid helium cooled InSb detector),
Ow-loss specimens wi Igh precisi y yzing P€W-955-mm-thick low resistivity, and-5 2-cm, germanium specimen. Note

odic structure of the spectra. For the absorbing specimens witht the channel effect diminishes with decreasing transmittance. For the
transmittance below 10%. such as Iow—resistivity germaniumh—conductivity germanium specimen, the transmittance is less than 0.004
A L . 0.4%).

(~5 ©-cm) shown in Fig. 3, the periodic structure is normall;9

not clear or absent. One cannot therefore obtain dielectric per-

mittivity data from transmittance results. Only the phase meaf the power passed through the specimen to the power inci-

surements performed with the unbalanced bridge can providient on the specimen and ranges from zero (very high losses

the information for the determination of dielectric permittivity.as in metals, for example) to one (no losses in the material). In
The channel method is one of the simplest and most effectitte case of relatively transparent materials with transmittance

methods in free-space broadband spectroscopy. The transieitel above~0.1, the transmittance is an oscillating function

tance characteristic of a flat parallel slab of the material is meaffrequency. The maximums of this function correspond to the

sured and analyzed. The transmittance is defined as the ratmstructive interference, and the minimums correspond to the
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destructive interference of the radiation passed through a spe«

imen many times after reflection on the specimen interfaces 18
(multiple reflections). The transmittance can be expressed witt
well-known equations % 16
%’ Ge
_ B2 ‘02 £ 14
T—E (1- R) +4R.81121 P 7 :
(1- RE)? +4REsin“ (o + v) K
_ (1P 4R g
- 2 .27 3
(n+1) +kER.2( . EIO
LSINT ¢ 2
= d t( s
¢ =a+ arc mnl_ERCOSQ(a+¢) g o
[-¥
+ arctan ————-—— — arctan = Macor
nZ+k2+n n+1 & 6
4mk d 2rnd
E = exp(—208) = exp <— 7 V) , a= ey
C C 4 1
. 2k 70 80 90 100 110 120
n + ik =+/e*pu* b = arctan ——————— 4
o n24 k-1 “) Frequency [GHz]

wheren, k, i, ande are respectively refractive index, absorp-
tion coefficient, magnetic permeability, and dielectric permifFig. 5. Spectra of real part of dielectric permittivity for Macor and

tivity of the layer of a material; and’, R, and are, respec- low-resistivity germanium, 3)-cm. The scatter or the uncertainty for the
ivelv. th - ' fI' ' d ! h f real-part spectrum for the germanium specimen is shown with bars. We cannot
tively, the power transmittance, reflectance, and phase of {fig any scatter for the real-part spectrum for the Macor specimen in this figure.

transmitted wave. The function is slow changing and small
(typical £ ~ 0.1 and typicaln about 1.6), and the oscillations
of the transmittance are produced by the squared sinusoid in th
denominator of the expression. The peak of the transmittanci
happens every time the phase in the denominator satisfies th
equalityx + 9 = =l. Thus, the refractive index can be eval-
uated from the distance between two maximums of the trans
mittance spectra. The imaginary part of the refractive index
(absorption index) responsible for the attenuation can be evalu
ated from the amplitude of the transmittance in the peak. Ofter
a peak-fitting procedure is used for the determination of loth
andk in every peak of the transmittance curve to improve the
accuracy of results. The evaluation of both optical parameter:
n andk in the entire measurement range is possible from the
oscillating transmittance curve by fitting the expression with
andk as parameters. Inthe case of transmission curve fitting, the
resolution of real and imaginary parts is effectively equal to the
resolution of the transmission spectrunmandk are represented
with the polynomial of first, second, or third order. The preci-
sion of the refractive index data often is comparable with data Frequency [GHz]

obtained with dispersive Fourier transform spectrometry. The

absorption index data are usually more reliable when obtaingg. 6. Spectra of imaginary part of dielectric permittivity for Macor and

with channel method then with any other indirect technique. low-resistivity germanium specimens. The imaginary-part value for this
germanium specimen drops from 1.3 at 75 GHz to 0.79 at 115 GHz. This
is due to the presence of the free carrier absorption band present for this
IIl. RESULTS semiconductor at longer wavelengths. The imaginary-part value for Macor is
’ almost flat and increases monotonically with increasing frequency.

The real €') and imaginary {”’) part of dielectric permit-
tivity of a number of common materials are measured with thewever, provides better resolution of the data and higher ac-
new W -band spectrometer. As an example, dielectric spectraafracy of results. The agreement between these two methods is
two materials are presented in Figs. 5 and 6. The Macor (55%cellent. The thickness of the second specimen, high conduc-
mica crystal, 45% matrix glass) specimen is 18.681.005 tivity (resistivity of ~5 €2-cm) germanium (obtained from CVD
mm thick. The transmittance spectrum of this specimen, showt.), is 9.96+ 0.01 mm. The transmittance spectrum for this
in Fig. 4, possesses the interference pattern, which allows #pecimen is also shown in Fig. 4. One can see that the transmit-
determination of the real part of dielectric permittivity by th@ance lies between 0.3 and 0.45%. No interference channels can
transmission channel method. The unbalance bridge methbd,seen in this spectrum. Only the unbalanced bridge technique
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REAL AND IMAGINARY PARTS OF COMPLEX DIELECTRIC PERMITTIVITY OF COMMON MATERIALS MEASURED WITH THENEW W-BAND SPECTROMETER AND
COMPARISONS WITHPUBLISHED DATA

£l g g g"
(this work) previously published (this work) previously published
Acrylic 2,618 £0.010 | 2.595 (120 GHz) [6] 0.018+0.023 | 0.021 (120 GHz) [6]
+0.001
Plexiglas 2.615+0.005 | 2.590+0.003 [13] 0.020+0.025 | 0.019+£0.007 [13]
2.590 [6] +0.001 0.02 [6]
Nylon 2.969 £ 0.020 | 2.993 (120 GHz) [6] 0.01320.022 | 0.026 (120 GHz) [6]
2.958 (35GHz) [16] +0.001 0.029 (35 GHz) [16]
2.9814 (150GHz) 0.030 (150GHz)
3.06 [Abbas 98] 0.025%0.008 [Friedsam97]
2.99140.002 [13]
Delrin 2.826 £0.010 0.033+0.041
+0.0015
Polyethelene | 2.292+0.005 | 2.306+0.002 [13] 0.0013+0.0003 [13]
2.306 [6] 0.02 [6]
2.36 [8]
2319 (2]
TPX 2.126:0.005 | 2.128 [6] 0.0011 [6]
2.150 [9] 0.001 [9]
Epoxy resin | 2.90+ 0.01 2.69 [12] @ 10GHz 0.049+0.004
Teflon 2.027+0.005 | 2.060+0.004 [14] @ 8.5 7+1*10* 0.0015+0.0006 [13]
GHz 0.0011 [6]
2.057+0.004[13]
2.00 +0.05[8]
2.09+0.05 [11]
2.06 [9]
2.070 [6]
Polystyrene | 2.509%0.005 2.545+0.003 @10GHz 3+1*107 5.310.3 *10* @10GHz [15]
[15]
Mylar 3.02340.005 0.027+0.003
Alumina 9.58540.001 9.600+0.001 [4] 0.005+0.001 [4]
10£1 [Abbas 98]
Macor 5.65£0.02 5.68+ 0.01 [4] 0.078+0.002 | 0.08 [4]
5.66 [2]
ZnSe 9.054 £ 0.05 | 9.092 (120 GHz) [1] 0.015 + 0.021 (120 GHZ) [1]
0.004
7nS 8.352 +0.035 | 8.395 (120 GHz) [1] 0.010+ 0.016 (120 GHz) [1]
0.003
Ge(~5 15.9+02 15.923 (890GHz)[10] 1.00 £ 0.05
Ohm*cm)
Si(~50~100 | 11.80+0.08 11.880 [4] 0.25 +£0.02
Ohm*cm) 11.2£0.5 [14]

can provide data for the determination of the real part of dieletw three decimal positions. The uncertainty is shown with
tric permittivity. No other instrumentation would have allowe&nd — signs. The transmittance channel method was used to
the transmittance and phase measurements of these specimetietatmine the imaginary part of permittivity values. Here we
these frequencies. The resulting imaginary part of the complase presenting imaginary-part values with the spread over the
dielectric permittivity spectrum shows an increasing absorpti@mtire ¥ -band frequencies (70-115 GHz) with a dashed line
toward low frequencies. The real part of dielectric permittivitjor some materials. Again, we are presenting imaginary-part
has slight dispersion as well. This unusual behavior is imposealues up to three decimal positions. The error or uncertainty
by an absorption band of free carriers located in microwavder the imaginary part values are shown withand — signs.
range. The typical imaginary part of dielectric permittivity deThe transmittance channel method was also used for the
creases toward lower frequency, as can be seen in the casmefsurement of the real part of dielectric permittivity for most
Macor. There is a good agreement of real part data shown hepecimens presented in order to compare results with the new
with earlier published work [5], [6] on higher resistivity-60 interferometric technique. The imaginary part of dielectric
Q-cm) Ge. permittivity changes across th&-band, and two numbers are
New real and imaginary parts of permittivity results ofised here to show the range of the parameter. The sensitivity
measurements for some common materials are summaripédhe transmittance method (single pass of radiation through
in Table 1. The real part of dielectric permittivity is usuallythe specimen) used here is not sufficient to measure low
uniform (almost the same) across the eniiveband. In this absorption loss for such materials as TPX and polyethylene.
table, we are presenting the real part of permittivity values Uble | also shows a comparison of the real and imaginary part
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of complex dielectric permittivity values for acrylic, plexiglas, [7] R. J. Bell, Introduction to the Fourier Transform Spectroscogca-
nylon, delrin, polyethylene, TPX, epoxy resin, Teflon, poly- demic Press, 1971.

styrene, Mylar, alumina, Macor, zinc selenide, zinc sulfide,

[8] Z. Abbas, R. D. Pollard, and R. W. Kelsall, “A rectangular dielectric
waveguide technique for determination of permittivity of materials

high-conductivity germanium, and silicon with data published  at W-band,” IEEE Trans. Microwave Theory Techvol. 46, pp.
earlier at various frequencies employing various techniques, = 2011-2015, Dec. 1998.

Results from the reference column are for 100 GHz unless

9] F.I. Shimabukuro, S. Lazar, M. R. Chernick, and H. B. Dyson, “A qua-
sioptical method for measuring the complex permittivity of materials,”

otherwise shown. Most of the comarison results were obtained IEEE Trans. Microwave Theory Teghol. MTT-32, pp. 659-665, July
with Fourier transform spectroscopy [1], [4], [6], [7]. Slight 1984.

J. W. Lamb, “Misellaneous data on materials for millimeter and submil-

variation from one work to another was usually explained b)llo] - : o
y exp limeter optics,”Int. J. Infrared Millimeter Wavesvol. 17, no. 12, Dec.

variation of properties of materials from specimen to specimen,  1996.
especially for the polymer materials. [11] Y. Konishi, M. Kamegawa, M. Case, R. Yu, S. T. Allen, and M. J. W.

We have used th& -band BWO and a novel quasi-optical

Rodwell, “A broadband free-space millimeter wave vector transmission
measurement systemEEE Trans. Microwave Theory Tecghol. 42,
pp. 1131-1139, July 1994.

[12] D. K. Ghodgaonkar, V. V. Varadan, and V. K. Varadan, “A free-space
method for measurement of dielectric constants and loss tangent at
microwave frequencies,JEEE Trans. Instrum. Measvol. 37, pp.

IV. CONCLUSIONS

waveguide bridge technique for the first time for the direct mea-  789-793, Apr. 1990.
surement of the phase of the wave passed through planar spé®3] G. L. Friedsan and E. M. Biebl, “Precision free-space measurements of

imens, inclusive of highly absorbing and near-opaque speci-

complex permittivity of polymers in thB”-band,” inlEEE MTT-S Dig,
1997, pp. 1351-1354.

mens. We have employed this new shift of the minimums techp4] A. Eners, “An accurate measurement technigue for line propeties, junc-
nique to determine the real part of permittivity accurately for a  tion effects, and dielectric and magnetic material paramettE£E

number of materials.

Trans. Microwave Theory Tecthvol. 37, pp. 598—605, Mar. 1989.
A. L. Cullen and P. K. Yu, “The accurate measurement of permittivity

X L . [15]
The new technlque now generates a precise imaginary part by means of an open resonator,’Rroc. Roy. Sogvol. A 325, London,
of dielectric permittivity data. The high BWO power, extra sen- UK., 1971, pp. 493-509.

sitive low-noise receiver system, precision waveguide compoLl

6] R. J. Cook and C. B. Rosenberg, “Measurement of the complex
refractive index of isotropic and anisotropic materials at 35 GHz using

nents, and careful and thorough alignment of the quasi-optical free space microwave bridgeJ. Phys. D Appl. Physvol. 12, pp.
channel eliminate the scatter and the noise in data in the range 1643-1652, 1979.

70-118 GHz for absorbing materials. This is the first time a tab-

ulation is made for the real and imaginary part of complex di-

electric permittivity data for a number of common materials at

extendedV -band frequencies. Additionally, these highly accu-

rate data are compared with real and imaginary parts of permit-

tivity results published earlier at various frequencies employir
various measurement techniques.
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struction of the specimen holder and many mechanical comy
nents of the spectrometer.

(1]
(2]

Mohammed Nurul Afsar (SM'81-F'89) received
the B.Sc. and M.Sc. degrees in physics from the
University of Dhaka, Dhaka, Bangladesh, and the
M.Sc.E.E. degree in microwaves and quantum
electronics, Post-Graduate Diploma in microwave
engineering, and the Ph.D. degree in experimental
physics from the University College London,
University of London, London, U.K.

From 1968 to 1970, he taught physics. From 1972
to 1978, he was with the Division of Electrical Sci-
ence, National Physical Laboratory (NPL) of Eng-

land. In 1978, he joined the Massachusetts Institute of Technology (MIT), Cam-

REFERENCES bridge, where he was a Senior Staff Scientist and Principal Investigator of sev-

eral research projects. From September 1984 to August 1987, he was a Professor
M. N. Afsar and K. J. Button, “Millimeter wave dielectric measuremenbf electrical engineering at City College, City University of New York. Since
of materials,”Proc. IEEE vol. 73, pp. 131-153, Jan. 1985. October 1987, he has been a Professor of electrical engineering and computer
J. R. Birch, G. J. Simonis, M. N. Afsar, R. N. Clarke, J. M. Dutta, H.science at Tufts University, Medford, MA. He has authored or co-authored ap-
M. Frost, X. Gerbaux, A. Hadni, W. F. Hall, R. Heidinger, W. W. Ho, C.proximately 180 papers, inclusive of several book chapters. He edited two books
R. Jones, F. Koniger, R. L. Moore, H. Matsuo, T. Nakano, W. Richtein 1994, one in 1995, one in 1996, and one in 1998. All five of these books were
K. Sakai, M. R. Stead, U. Stumper, R. S. Vigil, and T. B. Wells, “Anon millimeter and submillimeter waves and were published by The International
intercomparison of measurement techniques for the determination Sdciety for Optical Engineers (SPIE). In the Institute of Physics (U.K.), he is
the dielectric properties of solids at near millimeter wavelengtlisFE ~ a Consulting Editor for North America for the book series on “Measurement
Trans. Microwave Theory Techvol. 42, pp. 956-963, June 1994. Science and Technology” and served on the Editorial Board odhenal of

ACKNOWLEDGMENT

[3] A.A.Volkov, G. V. Kozlov, and A. M. Prokhorov, “Progress in submil- Measurement Science and Technology

(4]

(5]
(6]

limeter spectroscopy of solid statdtifrared Physicsvol. 29, no. 2—4, Prof. Afsar is a member of the American Physical Society and is Chartered
pp. 747-752, 1988. Engineer in the U.K. He is a Fellow of the Institution of Electrical Engineers
M. N. Afsarand K. J. Button, “Precise millimeter-wave measurements ¢fEE), U.K., a Chartered Physicist, and a Fellow of the Institute of Physics
complex refractive index, complex dielectric permittivity and loss tanfU.K.). He was executive secretary (1985, 1987, 1988) and conference chairman
gent of GaAs, Si, Si@, AlO,, BeO, Macor, and glassJEEE Trans. (1990) of the IEEE and SPIE annual International Conference on Infrared and
Microwave Theory Techvol. 31, pp. 217-223, Feb. 1983. Millimeter Waves. He currently organizes the annual SPIE International Con-
J.R.Birchand T. J. Parker, “Dispersive Fourier transform spectrometryiérence on Millimeter and Submillimeter Waves and Applications as the con-
in Infrared and Millimeter Waves New York: Academic, 1979, vol. 2. ference chairman. He was the recipient of the 1977 Duddell Premium Prize pre-
M. N. Afsar, “Precision millimeter wave measurements of complesented by the IEE for one of his publications. He received the Outstanding Re-
refractive index, complex dielectric permittivity and loss tangent ofearch on Ferrites Award at the 6th International Conference on Ferrites, Tokyo,
common polymers,”IEEE Trans. Instrum. Measvol. IM-36, pp. Japan, in 1992, and the Man of the Year Award (1992) presented by the Amer-
554-561, June 1977. ican Biographical Institute, Inc.



AFSARet al: W-BAND SPECTROMETER FOR DIELECTRIC MEASUREMENTS

Bedford, MA.
Dr. Tkachov is a Member of Eta Kappa Nu.

Igor I. Tkachov received the M.S. degree in physics
from Moscow Engineering and Physics Institute,
Russia, in 1994 and the M.S. and Ph.D. degree
in electrical engineering from Tufts University,
Medford, MA, in 1996 and 2000, respectively.
During 1993-1994, he was with the General
Physics Institute of Russian Academy of Sciences
Moscow, as a Research Engineer. His researc
interests are in the field of dielectric and magneti
properties measurements in millimeter- and submil
limeter-wave regions. He is now with Aware Inc.,

2643

Karen N. Kocharyan (M'98) received the M.S.
degree in physics from Moscow State University,
Russia, in 1965, the candidate of science in physics
degree from Kapitza Institute for Physical Research,
Moscow, in 1973, and the degree of doctor of science
in physics degree from Lebedev Physics Institute,
Moscow, in 1992.

In 1980, he joined the Institute of Radiophysics
and Electronics, Armenia, where he was responsible
for the development of the program of submil-
limeter-wave spectroscopy and millimeter-wave
applications. In 1995, he was appointed Chair of the Microwave Engineering
Department, Yerevan State University, Armenia. He joined the Department of
Electrical Engineering and Computer Science at Tufts University, Medford,
MA, in 1997. He is currently a Senior Engineer with Renaissance Electronics
Corporation, Harvard, MA. He has 30 years of professional experience in
solid-state physics, physics of magnetics, submillimeter-wave spectroscopy,
and quantum electronics. In the last few years, he extended his research activity
to the field of gigahertz photonics and communications. His current research
interests concentrate on the development of new measurement methods for
the precise millimeter-wave characterization of ferrites. He was an invited
speaker and coeditor of the Fourth International Conference on Millimeter and
Submillimeter Waves and Applications, San Diego, CA, 1998. He is a coauthor
of more than 70 papers and holds one patent.

Dr. Kocharyan is an Elected Member of the Armenian Academy of Sciences
and a member of the IEEE Microwave Theory and Techniques Society.




