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We have developed all-electronic integrated circuits that generate and detect picosecond pulses. We have
used these circoits with integrated antennas in a systém capable of {ree-space spectroscopy in the ternhertz,
regime. With this system we have measured magnitude- and phase-transmission characteristics for a variety,

of samples in the frequency range of 200 GHz—1 T'Hz.

1. INTRODUC 1ON

In the study and the application of picosecond electro-
magnetic pulse prepagation, the generation and the de-
tection of these pulses is usually done with ultrashort
optical pulses driving photoconductive switches that
are used as both transient generators and samplers.!?
These systems have been applied to problems in tera-
hertz (THz) spectroscopy.?® TFourier analysis of the de-
tected pulses, with and without a test sample in the beam
path, yields the magnitude and the phase of the trans-
mission of the sample as a function of frequency. In
contrast to this hybrid optical-electronic approach, we
have developed an all-electronic system that uses mono-
lithic nonlinear transmission lines (NLTL's) as ultrafast
voltage step generators for hoth generating picosecond
pulses and driving monolithically integrated diode sam-
plers for the detection of these pulses. : The advantages
of this approach lie in its relative simplicity and its ro-
bustness. Recently, similar all-electronic systems have
been applied to THz spectroscopy but have been limited
to frequencies below 250 GHz.® We have used our Sys-
tem Lo perform spectroscopic measurements from 250 to
375 GHz with 2-dB accuracy over a 20-dB dynamic range.
We have alsc demonstrated measurements from 200 GHz
to 1 THz with a signal-to-noise (S/N) ratio of 40 and 10 dB
at the low and the high euds of the band, respectively.

2. NONLINEAR TRANSMISSICN LINES

Nonlinear transmission lines are synthetic structures of
series inductors (approximated by sections of a high-
impedance transmission line) with varactor diodes pe-
riodically placed as shunt elements. On this structure
a voltage shock wave develops from a sinusoidal input
because the propagation velocily varies with the nonlin-
ear capacilance—voltage relationship of the diodes, v =
V[LC (V)% where L is the inductance and C(V)
is the sum of the varactor capacilance and the para-
sitic capucitance of the line, ail per unit length,  Limita-
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tions of the NTLT arise from its periodic cutoff frequency,
wper = 2/[LCx(V)]"2, waveguide dispersion, interconnect
metallization losses, and diode resistive losses.

3. GENERATION AND DETECTION
OF PICOSECOND PULSES :

We have previously reported NLTL's that px:'oduce 1.V,
1.8-ps fall-time shock-wave outputs at 300 K (Ref. 10) and
3.5-V, 880-fs fall-time shock-wave outputs at 77K.!' 1In
the experiments described in this paper we applied the
ultrafast-pulse-generating capability of these NLTL’s to
drive antennas and a sampler in a coherent, all-electronic
free-space signal generation and detection system similur
to that described in previous studies.'-'? A summary of
the important features as well as some modifications that
were made to improve the performance in a spectroscopy
system application are givun below.

We used NLTL’s integrated with magnetic dipole (slot)
antennas measuring 5 um wide and 190 um long te
realize a free-space picosecond-pulse generator inte-
grated circuit (IC). High-resistivity (10 kQQ em) silicon
hyperhemispheres'? were used to collect and to focus the
quasi-optical beam. Off-axis paraboloidal mirrors col-
limated and redirected the beam onto a detector chip.
The detector IC consisted of an all-electronic two-diode
sampler’* whose radio-frequency (RF) port was driven
by a slot antenna identical to that used in the genera-
tor IC and whose local-oscillator (LO) port was driven
by a NLTL. -The gencrator and the detector were eaca
driven by synthesized microwave-signal generators and
microwave amplifiers capable of producing a +30-dBm,
5-10-GHz microwave signal. The two signal gencrators
were phase locked and were offset in frequency by an in-
termediate frequency (IF) from 0.5 to 10 Hz. A portion
of each signal was fed to a mixer to provide a trigger
signal to an audio-frequency spectrum analyzer that was
connected to the IF port of the detector. Previous ex-
periments used a signal microwave-signal generator and
mechanical frequency shifter to drive the penerator and
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Fig. 1. . Expcrimental setup. IF, intermediate frequency; LNA,
low-noise amplificr. s

the detector.'™!'" The use of two phase-locked microwave
synthesizers climinated the distortion causcd by the me-
chanical frequency shifter. '

The complete system is shown in Fig. 1. Because of
the difficulty in maintaining a stable 77-K environment
for performing spectroscopic measurements, only 30)-K
NLTL's were used in the experiments reported in this
paper. We have previously shown that a received pulse,
generated and detected at 77K, contains speclral content
from 5 GHz to 3 THz (Rel. 11); the 300-K puises provide
useful spectral content to as high as approximately 1 THz.

4. FREE-SPACE SPECTROSCOPY SYSTEM

A. System Description - v :
To perform a free-space spectroscopic measurement, a
sample under test can be placed in the THz beam. By
finding the ratio of the detected signal speetram with and
without the sample in place, one can obtain the transmis-
sion of the sample as a function of frequency. Because
the system detects voltage, not power, both the magnitude
and the phase of the transmission can be obtained.

Subsection 4.1 describes free-space spectroscopic mea-
surements on five separate samples.  The first sample is
a multiple-bandpass filter, or a Fabry-Perot étalon, pro-
duced by the Center for Submillimeter Radiophysics,
St. Petersburg, Russia, and oblained vl"‘.:‘uugh the
cooperation of the Max-Planck-Institut fir Festkdrper-
forschung, Stuttgart, Germany. The second sample is a
sheet of Plexiglas brand of acrylic sheet, manufactured
by the Rohm & Haas Corporation,’ Philadelphia, BPenn-
sylvania. The third through fifth samples are exaraples
of photonic band-gap structures, fabricated by E. Ozbay
at lowa State University, Ames, Iowa.

B. Experiments

1. Fabry-Perot Etalon

In the first experiment the sample under test was a
multiple-bandpass filter. Because the filter was small, it
was placed close to the gencrator, where the beam diame-
ter is smallest. The disadvaniuge of placing the sample
close to the generator as opposed to between the two off-
axis paraboloidal mirrors is that the beam is diverging
and hence is not a true plane wave.{* Only the center of
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the beam indicated by the dotted lines in Fig. 1 would ar-
rive at normal incidence to the sample. The edges of the
beam deviate the most from normal incidence and strike
the sample at 14° from the normal in the case of this ex-
periment. This nonideality was one source of iieasure-
ment error in the experiment.

The manufacturer of the filter'® had used a backward-
wave oscillator spectrometer to characterize the magni-
tude of the filter transmission from 235 to 390 GHz. The
filter’s passbands were measured by the manufacturer to
be ceniered near 279 and 348 GHz. Our first goal was to
characterize the filter in the 235-390-GHz region as the
manufacturer had Jdore, and our second goal was o cha.-
acterize the filter at still higher frequencies to as high as .
the THz regime.

A comparison of the manufacturer’s mesasurement with
ours is shown in Fig 2. Cuompared with the data pro-
vided by the manufaciurer, vur data ar: accurd within
2 dB over a 20-aB dynamic range from —7- to ~27-dB
transmittance. Below —27-d13 transmiitance our system
was not capabie of accurately reproducing the manufac-
turer's data. We can attribute this limitation to a lower
S/N ratio in our system. The noise {loor was shown to
be set largely by the noise of the local oscillator.}” The
sampling bridge in. the detector 1C used in these experi-
ments was not well balanced with respect to the loeal
oscillator, and some of the relatively large-amplitude
local-oscillator signal was sur :rimposed on the smali-
amplitude detected THz signa. To decrease the noise
floor, sampling bridges that are properly balanced with
respect to the local oscillator should be used.

A second way to decrease the noise floor is to reduce
the effects of phase noise on the measurement results.
This reduction can be accomplished by use of synthesizers
with less phase noise. The cffect of the phasc noise from
the two phasc-locked synthesizers was calculated to bLe
equiva".cnt. 10 740-fs worst-case rns jitter in the time
domain. This jitter limits our ability to measure sub-
picosecond signals accurately. As an alternative to the
usc of synthesizers with less phase noise, the IF could
be increased so thal the downconverted harmonics are
spaced farther apart in frequency and are less susceptible
to the phase noise from other harmonies.
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We can also increase the S/N ratio by increasing the
signal level in the system. One way to increase the sig-
nal level is to use broadband antennas. The magnetic
dipole antennas currently used are resonant antennas
and have a radiation resistance that is a strong function
of frequency.

Figure 3 shows data from a measurement that spans
the frequency range from 6.4 GHz to 1 THz. Here we
plot separately the foreground (detected signal with no
filtor in place), the radiation with the filter in place,
and the background (detected signal with beam blocked).
The upper trace, which represents the foreground radia-
tion, shows a monotonically decreasing frequency spec-
trum that is typical of measurements made with this
system. The middle trace, which represenis the filter
measurement, shows clearly visible transmission peaks
out to 1 Tilz. This periodic repetition of the signal peaks
verilzs that the filter is indeed an étalon and not sim-

g

ply a bandnass filter. If S/N ratio is calculated as the -

ratio of the foreground signal to the background signal,
the S/N ratio is seen to be at least 20 dB over the entire
frequency range from 6.4 GHz to 1 THz. A more conser-
vative estimate, which accounts for the effects of phase
noise batween the .wo synthesizers, however, is the ratio
of detected passband te stop and in the filter signal.
Still, with this definition ti.c S/N ratio is st least 10 dB
over the entire frequency ronge.

2. Plexiglas Sheet _
Whereas the previous experiment with the Fabry-Perot:
étalon demonstrated the magnitude trangfer function
of the étalon, the purpose of this expcnment was to
demonstrate the phase transmission through a sheet of
Plexiglas. In this case the Plexiglas sheet was large

enough that it could be placed between the two off-axis l
paraboloidal mirrors. The collimated beam was then

normally incident upon the sheet at all points. The ap-
proach that is taken is similar to that of the previous
experiment. A simplified explanation, which is elabo-

rated on below, is as follows. A ratio is taken of the’
detected signal spectrum with and without the Plexiglas
sheet in place. The phase of this signal spectrum indi-

cates the relative phase delay imposed by Plexiglas as a
function of frequency.
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In this expenment we are mterested in* the pha:,e
transmission through the bulk material Plexiglas; we
are not interested in the effects of the reflections at the
air-Plexiglas interface. The effects of single reflections
at the interface can' be removed by measurement of the
signal spectra A,( f) and As(f) through two different
sheets of Plexiglas of thicknessés Iy and ,,'® respectiv aly:
becausé the THz beam experiences the same single reflec-
tions at both sheets, dividing A,(f) by A((f) gives the ef-
fect of propagation through materlal of thickness I, +- ;.
That is, if . '

Ay(f) = Al Nexpl=j2r(N],
Ay(f) = Ag(Flexp[— jds(f)],

then

Ax(f)
Ay(f)
A2(f)
A (f)

Hipiy(f) = (1)

exp(— J[‘l’z(f) = du(N] (2)

gives the effect of propagation through material of thick-
ness 12 - l]. ) .

The effects of multiple reflections are more difficult to
remove. Arjavalingam et al.'® selected Plexiglas thick-
nesses such that multiple reflected pulses arrive at the
receiver well after the main pulse. The unwanted pulses
can then be removed by limitation of the time window of
the measurement. Unfortunately, for the thicknesses of
Plexiglas and the pulse-repetition rates available to us,
the double-pass transit time for even the lowest-order
(doubly) reflected pulse was longer than the period of
the pulse-repetition rate, thus making removal of the un-
wanted pulse by time-windowing impossible. Nonethe-
less, we did not see significant effects of t]ua pulse in the
measurement data.

Figure 4 shows the value ® = @, — @, plotted as a func-
tion of frequency from 250 to 370 GHz after propagation
through two sheets of Plexiglas with I, = 9.36 mm and
Iy = 6.35 mm, respectively. A line is also fitted to the

200
160 |-
2z
e 1o
>
ol
el
~ =50
N
(%]
@
g o
50
g ——
240 260 280 300 320 340 360 380

‘rrequency (GHz)

Fig. 4. Phase difference between transmission through two
Plexiglus sheets.  One sheet is 3 mm thickér than the other,
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data points, The average refraclive index of the Plexi-

glas in this. I'rcquency range can then be calculated from
the formula'®

‘ 1 A
=T 3600 AF -1 @
1 2.1773° 3 X 10°m/s
=1+ 560° 10951 301X 10°m )
= 1.603, ' (5)

where the expression (2.1773°/10° s7!) is the slope of the
fitted line in Fig. 4. The resultant index of Plexiglas,
n = 1.603, is within 1% of the published values n = 1.61 =
0.01 and n = 1.62 * 0.01 at 142.86 and 344.83 GHz, re-
spectively, obtained with the open-resonator method of
Fourier-transform spectroscopy.'®

3. Photonic Band-Gap Structures
The final set of experiments -concerns magnitude-
transmission measurements on photonic band-gap struc-
tures. A photonic bandgap structure is'a large-scale
model of an atomic lattice that supports a finite set of
propagating modes of electromagnetic radiation, much
as an atomic lattice supports only a finite set of allow-
able electron energies. These structures are currently
being considered for use as microcavities in single-mode
light-emitting diode applications.!”® Recenlly, photonic
band-gap structures with interesting stop-band charac-
teristics in the 5-150-GHz regime were fabricated and
were measured.?’ However, photonic band-gap struc-
tures with stop bands in the 100-500-GHz regime are
now available.?’-?® Limited measurement tools exist for
measuring the magnitude transfer characteristics of these
submillimeter-wave photonic band-gap structures. The
purpose of these experiments was to measure their mag-
nitude characteristics and to compare the data with the-
orctically predicted results.

As in the {irst experiiment mvolvmg the Fabry--Perot
étalon, the structures were small, so they were placed
close to the generator where the beam diameter was

sallest. Figures 5-7 show the measured magnitude

transmission through photonic band-gap structures with |

theoretical stop bands in the ranges of 130-180 GHz,
©30-380 GHz, and 340-510 GHz, respectively.
fluctuations in the data in the passband are duc in rort
to the limited accuracy of the measurements and in part
to the nonunity transmission coeflicient across the pass-

band. Because analytical techniques for calculating the -

transmission coefficient of the photonic band-gap struc-
tures are not yet fully developed, there is currently no way
to distinguish the effects of measurement inaccuracy and
variation in the transmission coefficient in the passband.

Comparing the stop bands in the figures with the theo-
retical stop bands leads to several interesting conclusions.
First, in all cases the measured stop bands agree with
the theoretical stop bands v:ithin 15%.
crepancy is altributed to one of two causes:

because the science of photonic band gaps is relatively
new. Second, the stop-band edges change as a function of

the incident angle of the electromagnetic radiation, much .
as the band gap of a semiconductor lattice changes with -
Some misalignment of the

position in the Bnlloum zone.
T LOjr & . !

N'{ ni

This much dis-’
First, the -
accuracy of the theoretical calculations is not guaranteed

The -

e

o

g

photonic band-gap structure in the THz beam path, or the
fact that the THz beam is not quite a plane wave, gives
some degree of ambiguity to the angle ¢f the incident THz
radiation.

The second conclusion. that can be drawn is that, as-
suming that the depth of the stop band (in decibels) is the
same for each structure, the measureraent dynamic range

10 g 7 B T B s T ]
A Al 3
o A '.._‘. ” ,1\ ................................. PR =] _ g
LAY ek VAN I PSS VA T B
- \ { i LY
g e b I AN—F :
g i '- Ve
o a0 L [ | TS SR S Sy ! |
E i i |
£ H |
1= -30 [ i ! i i I
I"f, =iy
a0 : b
v i
L O A [ e
4] 19 ki) ta 403
Fragquaney (GHab
Fig, i, Méasured magnitude tronsmission for 100-180-GHz
photonie band-gop structure. -
10 B Bt SRS sl L2 T "]
E ! i
a ; b | SRS e -
}ﬂ"ﬂf\,\ z. J . . i .rf\l, "l'.lh'. |
b7} 0 b L Kol | T N, S Jlll_l ¥ Yot
i s i V3
E 3 i
; T et SR - L IS ! u
E ]
L 1 j
o a0 L AL T]l. |I -
= | L i 5 |
i i ]
A ol "
an) Eoe HASS R |
k 4
L 1
K 1
T [l STTTEFIFI UM § AN IFUPIPENG SIPIPENG SRR
100 200 e 400 S0
Fraguancy {Gerlg)
Fip, 6, Meosared mognitude Leansiizsion for 230 -3680-CHy
pholenie band.rng strosuare,
10 prerrer——e - - R
o _ foes b | (S | [ e S b
- bv‘fv\.—u'\) i | ]
2 -wf Bt I f\‘/\/
c | | !
g A ) _
] =0 - i el T |
: | \ -‘
.E 0 g : L"I z I’-,Il' Ir'lr\"ml'iII 1
o= ™ i | -
b"‘\l' Vi
a0 F ; ; i
e | | B S ol s P e
200 200 Lol S04 [}
Fig. 7. Moeazured maopgn fur 2A0-510-G]

photonic band-gop strocture.




et af.

ar the
gives
t Tliz

t, as-
is the
-ange

aastaaaada s

|

i

Fonaion,

400

GHz

At aad s Pwady e aad

bl

Bostak et al.

of our THz measurement system is a maximum, approxi-
mately 40 dB, in the 130~180-GHz range. The measure-
ment dynamic range decreases to approximately 35 and
30 dB in the 230-380-GHz and the 340-510-GHz ranges,
respectively.  This decrease in dynamie range is precisely
what would be predicted by the decreasing strength of the
detected THz signal as a function of frequency, which we
renoried previously.t'7

5. CONCLUSIONS

In conclusion, we have developed all-electronic integrated
circuits that generate and detect picosecond pulses. We
have used these circuits with integrated antennas in'a
system capable of free-space spectroscopy in the terahertz
regime. With this system we have measured mnmltudb

and phase-transmission characteristics for a variety of
samples in the frequency range of 200 GHz-1 THz. We
have used our system to perform spectroscopic measure-
ments from 250 to 375 GHz with 2-dB accuracy over a
20-dB dynamic range. We have also demonstrated men-
surements from 200 Gilz to 1 THz with a signal-to-noise
ratio of 40 and 10 dB3 at the low and the high ends of the
band, respectively.
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