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Abstract—We present the first frequency translator based on [1]-[4]. This is @ much more design- and technology-intensive
a nonlinear transmission line (NLTL) phase shifter and demon- approach than the laser-based systems, limiting the number

strate its application in a coherent_reflectometer, giving perfor- of groups pursuing it. One of the most significant barriers to
mance comparable to a commercial network analyzer. Rather

than forming shock waves on the NLTL with large signal excita- their widespread deployment, .however, has begn their nged
tion, we use its voltage-variable delay together with both ampli- for coherent (phase-locked) microwave synthesizers to drive
tude and phase linearization to modulate the phase of a small them, placing their total bulk and expense on par with the
0.5-3.0-GHz microwave signal. The resultant single sideband |aser systems. Similar economic concerns drive the design of
modulator exhibits >45 dBc carrier and spurious suppression.  .ommercial VNA's: they rely on only one synthesized source
This new approach has significant applications in both instru- .
mentation and sensing, particularly because it offers a clear path and_use a sa_mpllng det_ector, rather than use two sources and
toward complete integration of a coherent measurement system. @ mixer, trading dynamic range for lower cost.
. We offer a new solution that can enable complete inte-
Index Terms—Frequency translator, microwave measurements, . . . .
nonlinear transmission line. gration of wide-band network analyzers, directly addressing
the need for instruments to characterize 100-GHz devices,
circuits, and systems, as well as the growing opportuni-
l. INTRODUCTION ties for sensors in this regime. Combining a NLTL phase
S THE capabilities of communication, computation, anghifter with serrodyne (sawtooth) modulation results in a
radar systems continue to rise, the ability to evaluafeequency translator that can use an inexpensive—ultimately
them must always stay one step ahead. Conventional lofjitegrated—microwave source to coherently convert a wide-
systems are reaching clock rates in the 1-GHz regime, whit@and microwave signal directly to baseband. This invention,
new devices and architectures—both for computation af@upled with improved directional sampling circuits [1], [3],
wide-band radar—aim for 100-GHz operation, so there isc@uld enable high-performance, inexpensive, and field-capable
clear need for instruments to test these systems, particulak§0-GHz vector network analysis, as well as several other new
in the field. Furthermore, new sensors using micro- addilitary and commercial applications which benefit from a
millimeter-wave reflection and transmission often depend @nonolithic coherent generation/detection system [5]-[8], such
coherent generation and detection of these signals. as terahertz reflectometers. This approach is the first to present
What has been less clear is the approach to develop suchdrflear path to complete integration of a coherent micro- and
strumentation. Commercial vector network analyzers (VNA'$pillimeter-wave measurement system.
are very accurate and can now measure network parameters to
100 GHz, but their bulk, expense, and narrow instantaneous
bandwidths limit their use to the laboratory and to linear
devices and systems. Short-pulse lasers have been proposé&ynchronous microwave measurements require two phase-
and pursued by several groups using a wide variety of methde@ierent but frequency-offset signals. These can be achieved
to test ultrafast or wide-band devices and circuits, but lasétsing a variety of techniques, including optoelectronic “pump-
based approaches will not likely become portable, low-powdtobe” [9], [10] and electronic mixing with phase-locked
low-cost solutions for measuring 1-100-GHz signals. synthesizers [6], as well as with harmonic sampling as em-
A promising alternative to these short-pulse laser systef@§yed in commercial microwave instruments. None of these
is a pure|y electronic one using picosecond pu|ses fromethOdS has yet been monolithically integrated, although the
integrated circuit (IC) nonlinear transmission lines (NLTL'spump-probe technique of scanning the phase of one optical
beam against that of another might one day be realized in
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Ill. FREQUENCY TRANSLATION
WITH A NLTL PHASE SCANNER

splitter

A. Principles of NLTL's

In order to achievebroad-band (multi-octave) frequency
translation, however, a low structure is required. To re-
duce losses, the structure should be distributed rather than

- Modulation simply resistive. For monolithic integration, varactor diodes
signal rather than ferromagnetic components should be the variable-
Fig. 1. Block diagram of frequency translator application. Phase shifter thase elements [17]. When driven in small-signal mode,
f’r‘;gﬁgfc‘s fz‘?du'ated atm and output of mixer (right) is a sinusoid atthe NLTL satisfies all these requirements. Consequently, the
’ same process technology can provide both small-signal phase
modulation for frequency translation in one NLTL while
translators are used in a variety of microwave systems but takeabling wavefront compression for harmonic multiplication
on special importance when they can be monolithically intend time-domain metrology in another NLTL on the same
grated. Integrated frequency translation enables synchrongubstrate. The combination of these elements is a new and
down-conversion in a compact low-cost system and can foantral feature of our approach.
the basis for a wide range of useful tools, such as networkWhile the use of the NLTL structure as a phase modulator
and spectrum analyzers [1], [3], [11], sampling receivers, améhs mentioned a decade ago [18] and has surfaced more
electronic terahertz systems [6]. recently in the literature [19], [20], it has only been in the

An ideal frequency translator should change the originabntext of phase shifting, not frequency translation. Here we
frequency f, of a signal by a modulation frequengfy, by demonstrate the first frequency translator based on the NLTL
applying a phasé# = 2z f,,t that varies linearly with time, used as a phase modulator rather than in its customary role
giving an outputVy = sin(2x f,t + 27 f,,t) = sin2x(f, + as a picosecond and subpicosecond pulse generator [4]. Using
fm)t. This function can be realized in a continuous fashidboth serrodyne (sawtooth) and triangle-wave modulation, we
using a rotary phase shifter driven at a constant rate such té@gmonstrate coherent downconversion of gigahertz signals to
d6/0t = f,, [5]. An advantage of this approach is that théaseband at frequencies limited only by the speed of the arbi-
phase jitter between the two signals can be very low (sincelii@ry waveform generator we used for modulation. We go on to
depends largely on the modulator) even if a relatively unstal@ply this new technique in a coherent reflectometer working
source is used. in the 1-3-GHz band, its low end limited only by availability of

This function can also be realized using an ideal Sa\ﬁ_suitable directional COUpler. This work indicates that Single-
tooth modulation of¢ which varies the phase linearly be-chip low-cost coherent microwave measurement systems can
tween zero and 360 degrees, then flies back to zero inst8R- realized.
taneously—serrodyne modulation [12], [13]. Although serro- NL.TL’s have begn_ built both as discrete and as integrated
dyne modulation was already being explored in the 1950@rcuits. They exhibit voltage-dependent delay that can be
these implementations primarily used binary switching @Xploited for phase scanning and frequency conversion, as
fixed-phase delay elements to approximate a sawtooth witis!l as f_or t_helr more fam|I|a_r use as wavefront COMPressors.
a coarse staircase. New methods of integrating fixed-delﬁk}ese circuits con.5|sF of .serles.mductors (or. sect|ons.of _h|gh—
transmission line segments, switches, and drivers have enatifdgédance transmission line) with varactor diodes periodically
6-18-GHz digital, ordiscrete phase shifters, which, Whenplaped as shunt eIement;. On this ;tructure, the phase velocity
serrodyne modulated, have given 22 dB of carrier and spuridirsS medulated by the diode capacitante, = 1/1/LC(V)
suppression [14]. Where_L is the |r_1ductance anq*(V) the sum (_)f the diode and

In principle, anycontinuousphase shifter capable of 360 Parasitic capacitance of the line, all per unit length [2].
operation could be modulated with a sawtooth waveform to In contrast to most active circuits, the process for fabricat-

realize a serrodyne frequency translator, but only techniqug NLTL's is comparatively simple, involving only diodes,

amenable to monolithic integration are of interest to us here.tﬁ@nsm'_sst'on Iltr_les, cfaggcolltors, an<|j_ reslis_tgrs. Thl's prho_cEss also
particular, monolithic continuous, or analog, phase shifters aEL ows integration of diode sampling bridges [1] which can

. : . : . . emselves be strobed with the pulsed output waveform of
usually realized by integrating hybrid couplers with vanablén NLTL, enabling a complete single-chip coherent genera-

capacitance or gain arising from diodes or transistors. The ) X

. n and measurement system, provided there is a source of
couplers produce in-phase and quadrature components of {Hﬁ o )

) ; o . : co erent excitation signals.

input signal that are modified by the active devices an

recombined to give continuous phase shifts. Using Lan%e ) ,

couplers, bandwidths of up to an octave for phase shifts gf Serrodyne Modulation of NLTL's

160° have been achieved in these monolithic devices [15], While our approach offsets one microwave frequency from
while for single-frequency (24 GHz) operation, a full 360 another by scanning the phase of an NLTL at the offset
serrodyne frequency translator has been realized in monolithiequency, this offset cannot be arbitrarily large. We have

form [16]. simulated a serrodyne frequency translator under a variety

Source
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Fig. 2. Simulations of serrodyne frequency translator with translated spec- N
trum and modulation waveforms (insets) fgr/f.. = 20 and flyback . . .
duration of (a) 0.1% and (b) 1%. Note increasing sideband and spuridddere N is the number of steps in the staircase= 1+ kN
levels with slower flyback time. is the spectrum number (the number of modulation frequency

increments away from the input frequengy), + indicates
the upper or lower sideband, ardis an integer from O to

of modulation conditions to observe how the NLTL would: If (n £1)/N # k, ex = 0 (although we in fact do
respond at increasingly higher modulation rates. In Fig. 2, l@easure components in this regime as shown in Fig. 8). If
show two representative results of the simulation, pointirg = 1)/N = k, there will be an output at a harmonic of the
out one limitation to achieving high-speed modulation: d¥odulation frequency,, [14], and for these components we
the retrace transient (“flyback”) time becomes increasingfjpeasured-50 dBc suppression at 1.0 GHz, as shown in Fig. 8.
significant in the period of the sawtooth waveform, sidebandfd this equation, the sideband suppression level with respect to
become more prominent. the desired output can be determined at any harmiarlitsing

For example, to build an ultrawide-band 500-MHz moduld = 1, _the_minimum sideband suppression level is 4.8.1 dBc for
tor with the near-ideal results of the upper half of Fig. 2 woul@" 8-bit digital frequency translatérv = 256). The sideband
require a 2-ps flyback in the 2-ns period. One approach WePPression level will be improved by6 dB for every added
could use to achieve such ultrawide-band performance woldh In this work, we used a 12-bit analog-to-digital converter
be, in fact, to use another NLTL to modulate the frequen@® @n arbitrary waveform generator driving the NLTL phase
translator itself, since the NLTL output waveform is a sawtootplifter, so the flyback transient primarily limited the harmonic
with a <2-ps falling edge. Another approach would be to buil@rformance.
a nonlinear control system to achieve minimum transition time ]
during flyback. C. Experimental Results

Most systems, however, do not require such high frequencyTo demonstrate our approach, we built a scale-model NLTL
modulation, though carrier and spurious suppression remainase shifter on a brass block (Fig. 3). The circuit consists of
important. An alternative to circuit-based approaches is 89 abrupt junction diode§C;, = 2 pF) with 4.6-mm interval
allow a longer flyback time and pause the baseband digitigpacing for the first section and 20 abrupt junction diodes
ing circuitry and/or fast Fourier transform (FFT) calculation(C;, = 0.8 pF) with 0.6-mm spacing for the second [21].
allowing the circuit to fly back while ignoring the resultantMeasurements of phase delay and transmission loss compared
spurious products that are generated (only) during this timeell with models done in both PSPICE and Libra. This circuit
A similar approach we demonstrate below is to use triangleras able to achieve-2 ns delay, yet was usable beyond
wave phase modulation and run the FFT forward during o8eGHz. For comparison, single GaAs IC NLTL'’s can achieve
cycle and backward during the second, eliminating the retrasd.60 ps delays [4], [22] with higher usable frequencies; they
transient entirely. can also be cascaded for additional delay.
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Fig. 5. (a) Amplitude and (b) phase variation of NLTL transmission coeffi
cient over bias and frequency.

As shown in Fig. 4, we first built a simple system with no

amplitude or phase compensation to demonstrate the principlé\ conventional microwave reflectometer consists mainly of
of serrodyne modulation with this structure. Although tha microwave source, a dual directional coupler, and detectors.
circuit works as anticipated when modulated fat through The ratio of the reflected wave and incident wave is the

Gain control voltage (V)

IF signal (mV)

NLTL bias voltage (V)

N W AW,

7.10

7.05

7.00

-30

IV. REFLECTOMETER

(a)

2247

Fig. 6. Measurement afy = 1 GHz and f,,, = 35 Hz using sawtooth
scanning signals: (a) scanning signal with phase compensation, (b) gain control
voltage with amplitude compensation, and (c) output voltage after mixer.

27 radians at the fundamental microwave frequerfcyboth
distortion in the output waveform and the flyback transient
are apparent.

We then made comprehensive measurements of the mag-
nitude and phase of the NLTL transmission coefficient versus
bias and frequency, as shown in Fig. 5. With this data in look-
up tables, we implemented a phase linearization and amplitude
compensation scheme using a gain-controlled amplifier (HP
IVA 14208) for amplitude and the 12-bit D/A for phase.
We measured the beat note between the original microwave
signal and its frequency-shifted version using both serrodyne
and triangle-wave modulation. Both methods gave nearly
pure sinusoidal results, but the serrodyne version exhibited
a flyback transient (Fig. 6), while we could reconstruct the
output sinusoid without this transient by using triangle-wave
modulation by time-reversing each second cycle of the output
(Fig. 7).

In spite of the cleaner time-domain appearance of the
triangle-wave modulated output, when driven at 0 dBm the
serrodyne version exhibited45 dB of carrier and harmonic
suppression compared te-35 dB for the triangle wave.
Fig. 8 shows the microwave spectrum, but the downconverted
spectrum also showed this level of harmonic suppression. In
the future, we can address the shortfall of the triangle-wave
modulation with more careful waveform reconstruction.
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to calibrate a conventional reflectometer has been proposed
by Hollway and Somlo [26]. This technique uses no critical
components and requires no tuning adjustments, so it is
simple, accurate, and useful for automatic operations. The
disadvantage of this technique is that the phase of the reflection
coefficient cannot be measured because the detectors yield just
the amplitude or power of the microwave signals. In order to
obtain the phase, additional couplers or hybrids and detectors
must be added. This measurement scheme was introduced by
Cohn and Weinhouse [27], followed by Hoer [28], then de-
ol veloped into a six-port reflectometer (requiring four detectors)
a5 b by Engen [29]-[31], and a seven-port reflectometer (requiring
20 ¢ five detectors) by Cullen and Belfort [32].

Meanwhile, heterodyne reflectometers as employed in mod-
ern commercial network analyzers use sampling front ends,
which improve upon the dynamic range limitations of the six-

Fig. 7. Measurement gf = 1 GHz andf,, = 35 Hz using triangle-wave o1t gpproaches. These could be further improved, however,
scanning signals. (a) Scanning signal with phase compensation. (b) Gain

control voltage with amplitude compensation. (c) Output voltage after mix&ly US€ Of_ mixers .in the front end,_ excepF Fhat the expense
and amplifier. (d) Final output voltage after time-reversing the second cyclef an additional microwave source is prohibitive. Homodyne

reflectometers [33], [34], while not commercially available,
bear the strongest similarity to the architecture we use here in
that they usually employ a variable-phase and reference arm
derived from a single source, and they use balanced mixers
as detectors. Their dynamic range is limited, however, by dc
detection.

We constructed a reflectometer using the NLTL frequency
translator to provide high accuracy, high stability, and a
potentially low-cost system (Fig. 9). This technique can be
1 J l readily extended to a two-port network analyzer.
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If we assume there are no reflections from detection ports
to the main line of the dual directional coupler, we obtain
the simplified signal flow graph of the reflectometer (Fig. 10),
where A and B are detection factors. If the microwave source
Fig. 8. Microwave spectrum showing45 dBc carrier suppression aps0  is matched,['s = 0, and if the dual directional coupler is
dBc spurious sideband suppression. symmetrical Ss; = Sy andSs; = S41. Solving the simplified
signal flow graph will provide the ratio aF..; and P,
voltage reflection coefficient of the device under test (DUT). Pt B S32(1— S2l'L) 4+ 521531
Reflectometers form the core of microwave network analyzers “P. A S31(1 — Sool'p) + 82153 2)

and are typically based on power sensing (using diodes Oy yse three commercial 3.5-mm coaxial standards to

bolometers) or coherent sampling front ends. calibrate the reflectometer. From the above equation, we
Several techniques have been proposed to address the rgggtitute P = P,, for matched loadT';, = 0), P = Ps
for accurate reflectometry [23]-[25]. Using standard loadsr a short circuit(I'y, = —1), P = P, for an open circuit

100

Frequency (20 kHz/div)
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(I'c = 1), andP = Py, for an arbitrary load or DUT. Solving [g] f]),

2249

We used the calibrated reflectometer of Fig. 9 to measure
the complex reflection coefficient of two different DUT's.
The measurement of a 2B-load from 1 to 3 GHz is
shown in Fig. 11 compared to the result from an HP 8720D
network analyzer, where we see a maximum 0.03-dB offset
in magnitude and agreement in phase within°0¥/e also
measured an arbitrary load with larger variations in reflection
coefficient against the HP 8720D, as shown in Fig. 12. Finally,
we measured equivalent values80 dB) for return loss on a
5042 calibration standard using both instruments.

V. CONCLUSIONS

We have shown that modulated NLTL frequency transla-
tors are viable candidates for integration with NLTL pulse
generators and diode sampling bridges, enabling for the first
time the foundation of a complete monolithic wide-band
microwave and millimeter-wave network analyzer system. We
extended this approach to building a 1-3-GHz reflectometer
with performance comparable to a commercial instrument.
While this technique lays a promising foundation for inex-
pensive coherent microwave instrumentation, it can be further
extended to other micro- and millimeter-wave sensors, such
as handheld reflectometers operating in the terahertz regime
for applications such as demining as well as sensing gasses,
nonmetallic weapons, and explosives.

REFERENCES

[1] R. A. Marsland, C. J. Madden, D. W. van der Weide, M. S. Shak-
ouri, and D. M. Bloom, “Monolithic integrated circuits for mm-wave
instrumentation,” presented at 12th Annual GaAs IC Symposium, New
Orleans, LA, 1990.

[2] M. J. W. Rodwell, M. Kamegawa, R. Yu, M. Case, E. Carman, and K.
S. Giboney, “GaAs nonlinear transmission lines for picosecond pulse
generation and millimeter-wave samplingEEE Trans. Microwave
Theory Tech.vol. 39, pp. 1194-204, 1991.

[3] R.Y.Yu, M.Reddy, J.Pusl, S. T. Allen, M. Case, and M. J. W. Rodwell,
“Millimeter-wave on-wafer waveform and network measurements using
active probes,”|IEEE Trans. Microwave Theory Techvol. 43, pp.
721-729, 1995.

[4] D. W. van der Weide, “Delta-doped Schottky diode nonlinear transmis-
sion lines for 480-fs, 3.5-V transientsAppl. Phys. Lett.vol. 65, pp.
881-883, 1994.

[5] D. W. van der Weide, J. S. Bostak, B. A. Auld, and D. M. Bloom,
“All-electronic free-space picosecond pulse generation and detection,”
Electron. Lett, vol. 27, pp. 1412-1413, 1991.

, “All-electronic generation of 880 fs, 3.5 V shockwaves and
their application to a 3 THz free-space signal generation systappf.
Phys. Lett vol. 62, pp. 22-24, 1993.

[7] Y. Konishi, M. Kamegawa, M. Case, Y. Ruai, S. T. Allen, and M. J. W.
Rodwell, “A broadband free-space millimeter-wave vector transmission
measurement systemlEEE Trans. Microwave Theory Techuol. 42,

p. 1131-1139, 1994.

S. Bostak, D. W. van der Weide, D. M. Bloom, B. A. Auld, and

(6]

the equation for these conditions yields the measured reflection E. Ozbay, “All-electronic terahertz spectroscopy system with terahertz

coefficient

I, =

(Pr— Pr)(Po— Ps)

(Py+ Pr)(Po+ Ps) — 2(P,Ps + Py Pr)’

free-space pulses)J. Opt. Soc. Amer. Brol. 11, pp. 2561-2565, 1994.
[9] J. Valdmanis, M. C. Nuss, P. R. Smith, K. D. Li, and S. S. Pei, “1 THz
bandwidth probing of devices and integrated circuits,” presented at Int.
Electron Devices Meeting, Washington, DC, 1987.
[10] K. J. Weingarten, M. J. W. Rodwell, and D. M. Bloom, “Picosecond op-
tical sampling of GaAs integrated circuitdBEE J. Quantum Electron.
vol. 24, pp. 198-220, 1988.

Theoretically, using this error calibration technique, thgi1] R.Y. Yu, M. Kamegawa, M. Case, M. Rodwell, and J. Franklin, “A 2.3-

directivity of the dual directional coupler need not be very
high, and the reflectometer can be employed for accurateﬁ}é]

measuring small reflections.

ps time-domain reflectometer for millimeter-wave network analysis,”
IEEE Microwave Guided Wave Lettol. 1, pp. 334-336, 1991.

J. S. Jaffe and R. C. Mackey, “Microwave frequency translat@&fE
Trans. Microwave Theory Teghvol. 13, pp. 371-378, 1965.



2250

(23]

[14]
[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 12, DECEMBER 1998

G. Klein and L. Dubrowsky, “The DIGILATOR, a new broadband
microwave frequency translatonEEE Trans. Microwave Theory Tech.
vol. 15, pp. 172-179, 1967.

S. Mazumder and C. Isham, “Frequency translation by phase shifting
Appl. Microwave Wirelessvol. 7, pp. 59-66, 71, 1995.

S. K. Koul and B. BhatMicrowave and Millimeter Wave Phase Shifters,
Vol. 2 Boston, MA: Artech House, 1991.

o ——
S. Lucyszyn, I. D. Robertson, and H. Aghvami, “24 GHz serrodyn {
frequency translator using a 360 degrees analog CPW MMIC ph .

shifter,” IEEE Microwave Guided Wave Lettol. 4, pp. 71-73, 1994. ‘

S. K. Koul and B. BhatMicrowave and Millimeter Wave Phase Shifters
Vol. L Boston, MA: Artech House, 1991.

M. J. W. Rodwell, D. M. Bloom, and B. A. Auld, “Nonlinear trans-
mission line for picosecond pulse compression and broadband phase
modulation,” Electron. Lett. vol. 23, pp. 109-110, 1987.

P. Celka, M. J. Hasler, and A. Azizi, “Analysis and linearization of a
broadband microwave phase modulator using Volterra system approach,”
IEEE Trans. Microwave Theory Techol. 44, pp. 2246-2255, 1996.

W. M. Zhaug, R. P. Hsia, C. Liang, G. Song, C. W. Domier, and N. C.
Luhmann, Jr., “Novel low-loss delay line for broadband phased antenna
array applications,”lEEE Microwave Guided Wave Lettvol. 6, pp.
395-7, 1996.

D. W. van der Weide, “A YIG-tuned nonlinear transmission lin
multiplier,” presented at the MTT-S Int. Microwave Symp., Atlanta
GA, 1993.

D. W. van der Weide and P. Brunemeier, “Pulse-doped GaAs nonlin
transmission lines for 630 fs, 1 V shockwaves,” presented at Ultraf
Phenomena IX, Dana Point, CA, 1994.

G. F. Engen and R. W. Beatty, “Microwave reflectometer technique
IRE Trans. Microwave Theory Techol. 7, pp. 351-355, 1959.

F. C. DeRonde, “A precise and sensitive X-band reflectometer provi
ing automatic full-band display of reflection coefficientEEE Trans.
Microwave Theory Techvol. MTT-13, pp. 435-440, 1965.

D. L. Hollway, “The comparison reflectometetEEE Trans. Microwave
Theory Tech.vol. MTT-15, pp. 250-259, 1967.

D. L. Hollway and P. I. Somlo, “A high-resolution swept-frequency
reflectometer,”IEEE Trans. Microwave Theory Teg¢hvol. MTT-17,
1969.

S. B. Cohn and N. P. Weinhouse, “An automatic microwave phagg
measurement systemMicrowave J, vol. 7, pp. 49-56, 1964.

C. A. Hoer, “The six-port coupler: A new approach to measurin
voltage, current, power, impedance, and pha#eEE Trans. Instrum.
Meas, vol. IM-21, pp. 466-470, 1972.

G. F. Engen, “The six-port reflectometer: An alternative networ
analyzer,” IEEE Trans. Microwave Theory Techvol. MTT-25, pp.
1075-1080, 1977.

, “An improved circuit for implementing the six-port technique of
microwave measurementdEEE Trans. Microwave Theory Teghvol.
MTT-25, pp. 1080-1083, 1977.

Prayoot Akkaraekthalin (S'98) received the
B.Eng. and M.Eng. degrees in electrical engineering
from King Mongkut Institute of Technology, North
Bangkok (KMITNB), Thailand, in 1986 and 1990,
respectively, and recently received the Ph.D. degree
from the University of Delaware, Newark.

From 1986 to 1988, he worked in the Microtek
Laboratory, Thailand, as a Research and Develop-
ment Engineer. In 1988, he joined the Department of
Electrical Engineering, KMITNB, as an instructor.
His research interests are in the areas of microwave

circuit design and optoelectronic and telecommunication.

Scott Kee was born in Albany, OR, in 1976. He
received the B.E.E. degree in electrical engineering
from the University of Delaware, Newark, in 1998.
He is currently working toward the master’s degree
at the California Institute of Technology, Pasadena.

His research interests include high-frequency and
microwave design, analog electronics, and electron-
ics for practicing musicians.

Daniel W. van der Weide (S'86—M’88) was born

in Brookings, SD, in 1963. He received the B.S.E.E.
degree from the University of lowa, lowa City, in
1987, and the M.S. and Ph.D. degrees in electrical
engineering from Stanford University, Stanford,
CA, in 1989 and 1993, respectively.

He held summer positions with Lawrence-
Livermore National Laboratory and Hewlett-
Packard, and full-time positions with Motorola
as an Engineer and Watkins-Johnson Company as a

[31]] —, “A (historical) review of the six-port measurement technique, Member of the Technical Staff. From 1993 to 1995,
IEEE Trans. Microwave Theory Teghvol. 45, pp. 2414-2417, 1997. he worked as a post-doctoral researcher with the Max-Planck-Institut f
A. L. Cullen and A. J. Belfort, “Seven-port millimeter-wave reflectomeestlorperforschung (Solid State Research), Stuttgart, Germany, after which
ter,” Electron. Lett. vol. 21, pp. 120-121, 1985. he joined the Department of Electrical & Computer Engineering, University of

(32]

[33] R.J. King,Microwave Homodyne Systemd.ondon, U.K.: Peregrinus, Delaware, Newark, as an Assistant Professor. He is now Associate Professor
1978. ) ) and Director of the Center for Nanomachined Surfaces.
[34] O. Ostwald and B. Schiek, “Network analysis by phase-modulated Dr. van der Weide received the National Science Foundation CAREER

homodyne detection,IEEE Trans. Instrum. Meas.vol. IM-30, pp.
152-154, 1981.

and PECASE awards in 1997 and the Office of Naval Research Young
Investigator Program award in 1998.



