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Broad-Band Characterization of Millimeter-Wave
Log-Periodic Antennas by Photoconductive Sampling

Mark M. Gitin, Frank W. Wise, Member, IEEE, G. Arjavalingam, Senior
Member, IEEE, Y. Pastol and Richard C. Compton, Member, IEEE

Abstract—Results of photoconductive sampling measurements
used to characterize millimeter-wave log-periodic antennas with
continuous, simultaneous frequency coverage from 10 to 300 GHz
are presented. Polarization properties are investigated employing
wire-grid polarizers. This study reveals new information on
structure resonances and antenna polarization.

I. INTRODUCTION

HE LOG-PERIODIC antenna is a member of a class
of broadband antenna structures called frequency inde-

pendent antennas, which also includes the bow-tie [11 and
equiangular spiral antenna [2]. An antenna will be frequency
independent if its dimensions when measured in wavelengths
remain constant for all frequencies. An infinite bow, which
is defined entirely by angles, would exhibit these properties
[1]. However, truncating its length degrades its frequency
independence since currents are reflected from the antenna
ends. The log-periodic antenna is a modified bow with notches
and teeth to force the currents to change direction, and radiate
before reaching the antenna ends. The planar log-periodic, first
investigated from 0.4 to 5 GHz in a sheet metal design by
DuHamel [3], [4], is now being considered for millimeter-
wave applications. While the early low frequency designs
were fabricated on an unsupported metal sheet, monolithic
millimeter-wave applications often require a supporting sub-
strate with a high dielectric constant such as GaAs (e, =~ 12).
This dielectric substrate has a dramatic effect on the current
distribution and the resulting antenna pattern [5]. Integrated
log-periodic antenna structures have demonstrated wideband
performance and have been incorporated into millimeter-wave
systems, most recently in a 30-180 GHz harmonic mixer-
receiver [6]. Single frequency antenna pattern measurements
for the planar log-periodic antenna have been made at 94 GHz
[7] and 180 GHz [6]. These frequency domain techniques
measure received power relative to a transmitted signal at
a single frequency. Complete, continuous millimeter-wave
characterization of the log-periodic antenna with these meth-
ods would require many measurements and several different
sources, and therefore has not been attempted. Photoconduc-
tive sampling, however, is a high-speed opto-electronic time
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domain technique which provides broad continuous frequency
characterization in a single experiment. This method uses an
ultrafast laser and pump-probe techniques to measure with
sub-picosecond resolution, which translates to hundreds of
GHz of measurement bandwidth. Variations on the technique
described here have been used by other researchers for the
broad-band characterization of the equiangular spiral [8] and
another log periodic structure, the wire log spiral [9]. In
this work, log-periodic antennas were integrated with sub-
picosecond photoconductive switches to obtain a time domain
measurement of the antenna. Antenna polarization was also
investigated with a wire grid polarizer.

II. ANTENNA STRUCTURE AND EXPERIMENTAL SETUP

The structure shown in Fig. 1 is a planar log-periodic
antenna with the nth tooth characterized by an inner radius r,,
and an outer radius R,, where R, /r, = v/2 and R.t1/R, =
2, and angles & = 135° and B = 45°. The antennas were
fabricated on silicon-on-sapphire (SOS) substrates (e, =~ 10)
with 8 teeth, with the largest radius R; of 1250 pm and the
smallest radius rg of 5 um. The antenna is resonant when arc
lengths (/,,) are equal to \,/2 where

_ - R Ao
ln= SRwith R= 227" gng y, = 2o_
2 2 N
The corresponding resonant frequencies are
2¢ e+ 1
= —————— with €. =
In (R + 1n)/eot fr 2

The longest and shortest teeth correspond to a theoretical
design frequency coverage from 38 GHz to 6.7 THz. The
antennas are photolithographically patterned on 432 pm thick
(SOS) wafers. A 10 um gap in the center of the antenna
provides the photoconductive switch. The carrier lifetime in
the 0.5 pm-thick silicon epilayer is reduced to less than
1 ps by ion implantation [10]. The resulting switch has a
sub-picosecond response. This response was determined with
electrical autocorrelation measurements made on coplanar strip
transmission lines fabricated on an SOS substrate with an
implantation dose identical to that of the antenna [11]. A
sampling gate of less than 1 ps corresponds to at least 300 GHz
of measurement bandwidth. With similarly processed SOS
sampling gates, frequencies greater than 300 GHz have been
detected [12]. The technique of photoconductive sampling has
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Bond wire to
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Fig. 1. Planar log-periodic antenna with R,, /r, = v/Z and & = 135° and
3 = 45° fabricated on implanted silicon-on-sapphire and integrated with a
10 pm photoconductive switch.

been reviewed in [13] and so details of the method will not
be presented here.

The antenna measurement system is shown in Fig. 2.
Antennas on high dielectric constant substrates radiate most of
their energy into the dielectric [5], [7]. The emitted radiation
suffers refraction and total internal reflection at the sapphire-air
interface. To minimize these effects, the antennas are mounted
in the center of 3.5 in diameter alumina hemispherical lenses,
with the substrate side glued to the flat surface of the hemi-
sphere (see Fig. 2). These millimeter-wave lenses eliminate
the refraction and total internal reflection by providing near
normal incidence for radiation angles of interest. The lenses
are chosen to be large enough so that the curved surface is
in the far field at the lowest frequencies of interest, and so
that reflections from the alumina-air interface will be outside
the time window of interest. Alumina was chosen for the
lens material to minimize reflections since it has a relatively
isotropic dielectric constant which closely matches that of the
sapphire substrates and has low dispersion and low loss for
these frequencies [14]. The lenses were fabricated by precision
splitting of a high-purity alumina sphere [15]. Connections to
the antennas are made with bond wires to metal pads attached
to the back side of the hemispherical lenses. Low frequency
coaxial cables carry signals from the metal pads to the lock-in
amplifier.

The laser system developed for this work is a mode-locked
Titanium-Doped Sapphire laser producing 120 fs pulses at a
100 MHz repetition rate with up to 950 mW of average power
at 780 nm. The laser design is a 4 mirror cavity containing a
1 cm sapphire rod doped with 0.1% Titanium, 2 SF-14 prisms
for dispersion compensation, and an adjustable intracavity slit
to facilitate slit-assisted self-mode locking and tuning. The
laser is longitudinally pumped by 4 to 7.5 Watts from a CW
argon jon laser operating on all blue-green lines. (This mode-
locked laser is similar in performance and operation to that
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Fig. 2. Pump-probe measurement system for photoconductive sampling of
broadband millimeter wave antenna structures. An important feature of the
pump-probe technique is that RF signals are effectively isolated from the
current amplifier and other DC circuitry due to the radiation resistance of the
antenna and the large inductance of the connecting wires.

described in [16]). The optical pulse train is attenuated and
split into an excitation and probe beam. A computer-controlled
stepper motor stage in the probe beam’s path provides a
variable time delay between the pulses. An average power
of 50 mW is focused into each antenna’s central gap, exciting
a free carrier density of approximately 2 x 10'%/cm3.
Alignment is a critical issue for both the optical and
millimeter wave beams. Millimeter wave beam alignment is
facilitated by the choice of anti-collinear pump and probe
optical beams. The optical beams can be accurately aligned
with the use of an infra-red viewer, and the antennas are
carefully centered in the optical beams. Retroreflected optical
beams ensure that the antennas are normal to the optical beams
and parallel to one another. Final optical beam alignment
nto the 10 pm photoconducting gaps is completed by fine
positioning of the 10 mm focal length lenses. The optimum
alignment is ensured by maximizing the DC photocurrents.
The hemispherical lenses are spaced 20 cm apart giving an
equivalent air spacing between the antennas of 48 cm. This
spacing ensures that the receiver is well into the far-field for
frequencies above about 5 GHz. Several other spacings were
used to check that the measured waveform was independent
of antenna separation. The system is designed with a time
window which includes 300 ps of radiated waveform without
reflections. This ability to gate the appropriate portion of the
time domain waveform eliminates the need for a reflectionless
chamber. A 12 x 12 inch absorbing wall with a 2.5 c¢m
aperture is centered between the hemispherical lenses to filter
low frequency signals due to radiation from bond wires and
coaxial connections to the antennas. A free-standing wire grid
polarizer is placed between the antennas to separate co-and
cross-polarization responses. The polarizer is fabricated with
36 pm wires with a center-to-center spacing of 100 pm.,
Therefore, for frequencies below 500 GHz, the polarizer has
greater than 95 percent transmission for radiation with the
electric field polarized perpendicular to the wires, and less
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Fig. 3. Polarization decomposition displaying. (a) Electric field co- and
cross-polarization of planar log-periodic antenna as measured by photoconduc-
tive sampling. A wire grid polarizer was used to separate the two polarizations
and an aperture was used to filter out low frequency bias line radiation.
The solid line is co-polarization and the dotted line is cross-polarization. (b)
Fast Fourier Transform (using Hanning window function) of photoconductive
sampling data from figure (a) for electric field co-and cross-polarizations.

than 5 percent transmission for radiation with the electric field
polarized parallel to the wires [17]. The transmitting antenna is
DC biased with 9 volts and the receiving antenna is fed directly
into a current (transimpedance) amplifier with a gain of 108
V/A and then into a lock-in amplifier. Typical output signal
levels on the lock-in amplifier of 10-50 millivolts correspond
to currents of 100 to 500 pA. A micro-computer controls the
optical delay and collects the data from the lock-in amplifier.

III. RESULTS

Measurements of the antennas oriented with 6 = 0°, where
we define ¢ to be the rotation of the receiving antenna relative
to the transmitting antenna are shown in Fig. 3(a). The co-
polarization is measured with the polarizer oriented with the
wires parallel to the antenna axis (polarization perpendicular
to the axis), and the cross-polarization is measured with the
polarizer rotated by 90°. The lock-in amplifier time constant
was set for 300 ms, with the total time for a 300 point
scan of about 8 minutes. The pulse is generated with the

photoconductive switch in the center of the antenna, and as
the energy flows out on the antenna, the shorter teeth are
resonant first in time followed by the longer teeth. Therefore,
the waveform contains a distinctive frequency chirp consistent
with [8] for the log spiral antenna, and [9] for the wire log
periodic antenna. A Fast Fourier Transform is performed with
a Hanning window function [18] applied to the data, and the
frequency spectrum is shown in Fig. 3(b). The peak at DC
in the Fourier Transform is a result of the time window not
capturing the residual energy beyond 300 ps. With a longer
time window, the Fourier Transform would go to zero at
zero frequency. The spectrum is displayed to 150 GHz since
less than 2 percent of the energy is contained beyond this
frequency. The co-polarization frequency spectrum contains
resonances which have not been previously observed for this
structure. The peaks are spaced at intervals close to that of
the antenna teeth which nearly coincide with R,/r, = V2.
This appears to show that the antenna has clear structural
resonances with less gain at the non-resonant frequencies. This
large swing in antenna gain suggests that the antenna is not
frequency independent and is therefore not well impedance
matched at the non-resonant frequencies. These resonances
are an important consideration for efficient millimeter-wave
system design. The peak in the cross-polarization at 15 GHz
is due to a \/2 resonance with the total antenna length. The
ratio of co-polarization to cross polarization agrees well with
previous measurements at single frequencies [6], [7].

To examine the polarization properties of the antennas,
measurements were made for two angles of 6. For a linearly
polarized antenna polarized along single teeth, a change in the
magnitude of the frequency spectrum would be expected as
a function of the relative antenna angle, with the difference
being greatest for § = +45° and 6 = —45°. Figs. 4(a) and
4(b) display the time and frequency domain waveforms for
these values of 6. Measurements for each angle of 6 require
a new alignment. Since measured amplitudes are alignment
sensitive, the curves in Fig. 4 are normalized to unity. The
frequency domain data shows that the relative magnitudes of
the frequency components are almost identical, while the time
domain plot shows nearly a 180° phase shift for the first half
of the waveform. The frequency domain plot suggests that
the currents are not only linearly polarized along single teeth,
but that the antenna is also resonant along broad arcs which
include significant current contributions from adjacent teeth
[19]. This is illustrated in Fig. 5. The A/2 resonant frequency
fr2 of a single tooth is only a few percent different than the
A/2 resonant frequency f,; of a broad arc containing adjacent
teeth. Therefore, a single resonant peak in the frequency
domain plots of Figs. 3(b) and 4(b) may contain contributions
from both resonant structures.

IV. CONCLUSION

Photoconductive sampling was used to characterize the pla-
nar log-periodic antenna with continuous frequency coverage
from 10-300 GHz. Results demonstrate that this antenna is
not “frequency independent”, but instead displays resonances
corresponding to physical lengths of the antenna of A/2.
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Fig. 4. (a) Measured electric field from log-periodic antennas for two
angles of 6 between the transmitting and receiving antennas. Solid line is
measurement with & = +45° and dotted line is with § = —45°. A near 180
degree phase shift is observed for the two angles. (b) Fast Fourier Transform
(using Hanning window function) of measured electric field as a function of
the relative rotation angle 6 from (a). The solid line is for § = +45° and the
dotted line is for § = —45°. Little change is seen in the relative magnitudes
of the frequency components for the 2 angles, suggesting that the currents
may not only be resonant on single teeth.

These results are important for millimeter-wave system design
since use of these antennas over a broad frequency range
will result in inefficient operation at strongly non-resonant
frequencies. A wire grid polarizer was incorporated into the
measurement system to separate co-and cross-polarizations.
The ratio of co-to cross-polarization agrees well with previous
measurements at single frequencies. A resonance in the cross
polarization frequency spectrum at 15 GHz is also revealed.
This peak corresponds to the half wave resonance of the total
antenna length. Measurements of the antennas as a function
of the relative angle of rotation 4 between +45° and —45°
show little change in the relative magnitudes of the frequency
components. This measurement suggests that the radiation is
not just linearly polarized along single teeth, but that the
resonances are also along broad arcs with significant current
contributions from adjacent teeth. A phase shift with rotation
is also noted in the time domain data.

Fig. 5. The A/2 resonant lengths corresponding to the broad arc containing
fr1 and the single tooth containing f, differ by only a few percent.
Therefore, a single measured resonance in the frequency domain may contain
contributions from both structures. The cross-polarization serves as a rough
measure of the relative coupling to the two resonances.
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