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Time-Domain Characteristics of
Slotted-Waveguide Leaky-Wave Antennas

David Kralj and Lawrence Caringenior Member, IEEE

Abstract—A general asymptotic theory is presented to de- potential F'(x,y, z,t) [12] which, from image theory, is
scribe the time-domain behavior of leaky transmission lines and
antennas. The results are interpreted via a simple geometric  F(x,y, z,t)

construct and data are presented for the particular case of time- —je, [ ' .
domain radiation from a slotted-waveguide antenna. The example =z / dwed (@t=P2) dz' M. (z',w)
data are obtained both experimentally and numerically, with 81 J_oo slot
the exp_ected phenomenology demonstrated via time-frequency H(SQ)[\/kg —p32 \/(a: — )2 442
processing. . o
—Je - leot— B

Index Terms—Asymptotics, leakage, time domain, time fre- oz 87r0\/2j/7r/ dwel ! ’84)/ dz' M. (2", w)

qguency. —00 slot
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|. INTRODUCTION + oy (1)

L EAKY-WAVE antennas [1] and leaky planar transmissiofhere thes’ integral is performed over the slot width, =

lines [2]-[5] have been the interest of extensive resear ¢, ¢ is the speed of light in vacuum, is the frequency-

for decades. Recently, there has been significant interest in endent slot magnetic current densityis the frequency-
chare}cteristics qf such devices in the time domain, particulalapépendent longitudinal wavenumber, and the second equation
for high-speed interconnects [6]-{8]. Due to the frequencysygkes the large-argument approximation to the Hankel func-
dependent group velocities and leakage angles characterlstlﬁa{ The frequency integral in (1) is evaluated using standard

most leaky-wave structures, the time- and frequency-domajgy mpiotic techniques [13], and therefore we isolate the phase
behavior of such devices are often dramatically d|fferergxp [z, y, 2t 2", w)], with

In this letter, we demonstrate that the time-domain phe-

nomenology characteristic of general leaky structures can be  ¢(z,y, 2, t; 2", w)

explained in terms of a simple relationship which involves = wt—fr— B = B/ (x — o) + 12 )
the device geometry and the associated frequency-dependent ¢

group velocities and leakage angles of the waves it SUPPOBad it is assumed thaixp (j¢) varies with frequency much

This understanding is important for the design of time-domajfiore rapidly than the other frequency-dependent terms in (1).
leaky-wave antennas as well as for the avoidance of deleteriqusing stationary-point asymptotics, we obtain [13]

effects due to spurious time-domain leakage from printed inter- )
connects [2]-[5]. The time-dependent phenomenology associ- Fo(z,y,2,t) ~ —J¢ /Qj/mjw/ﬁk/ dz’
ated with such dispersive structures is demonstrated effectively 8

slot

in the time-frequency phase space [9]-[11]. Example time- M. (2, w,)
frequency results are presented here for the special case of a ' (K2, — B2)((z — )2 + y2)]H/4
slotted-waveguide leaky-wave antenna.
. 2—7rej¢(“"s) + c.c. 3)
9" (ws)
Il. ANALYSIS

where k,, and 3, are, respectivelyk, and 3 evaluated at
In order that the analysis is presented clearly, we initialhe stationary-point frequenay,, c.c. represents the complex

consider the specific problem of transient radiation from thgnjugate of the term to its left, and the stationary-point

slotted-waveguide leaky-wave antenna in Fig. 1, and th@quencyw, is determined by solving

results are subsequently generalized. The fields radiated from

this antenna can be expressed in terms of the electric vecto@¢/dw =t — z/vg(w) — csc [B(w)]v/ (z — /)2 + 42 /c

— cot [f(w)]V/(z —2')> + y?/vg(w) =0 (4a)
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Fig. 2. Schematization of the phenomenology characteristic of time-domain
leakage. The radiation is leaked in the form of a cone [2], but for simplicity
this figure shows a cut in they, =) plane, forz = 2’ [see (4)].

domain fieldsinside the waveguide, a very similar analysis

is utilized, employing the slot magnetic currents and the
rectangular-waveguide Green s function [12]. Moreover, the
basic ideas and analysis are applicable to time-domain leakage
from many other structures of interest, including leakage
In (3), the “c.c.” is present because there are two stationgfsm microwave interconnects [2]-[5]. For such structures,
points, attw;. Finally, the frequency-dependent leakage anglth expression similar to (1) is obtained [2]-[5], using the

Fig. 1. Slotted-waveguide leaky-wave antenna.

[2]-{5] and group velocity are more-complicated Green s function characteristic of a layered
. N . medium. Additionally, fpr 'the case of leakage from an.inter-
sin[f(w)] = ———,  v(w)=[095/0w]7". (5) connect, the leaked radiation will propagate at an angle into the

dielectric substrate and/or into the air [2]-[5], depending on

For leaky modes, the wavenumber is compl]-[5], and  {he geometrical configuration and frequency band of interest.
therefore so too are the leakage angle and group velocity in (5).

In most cases, however, the real partgos much larger than
the imaginary part [2]-[5], and therefore the stationary-point
frequency can be determined very accurately by using the realfo demonstrate the theory outlined above, we consider the
parts off(w,) andv,(w,). The stationary-point condition in slotted waveguide antenna in Fig. 1, with dimensians 0.9
(4b) then has the simple geometrical interpretation depicteth, b = 1.9 cm, andd = 0.2 cm. This geometry was selected
in Fig. 2 and is summarized here. Assume the transienich that the waveguide is largely single moded over the
fields are observed diz,y, ) and the source is placed atbandwidth of our measurement system [14]. In particular, we
z = 0 (the slit starts at = 0). If the frequency component have performed measurements using an ultra-wideband, time-
observed at time is w,, then, since it travels at an angledomain, optoelectronic system with instantaneous bandwidth
f(ws), the fields observed at time traveled through air a from 15 to 75 GHz. In the measurements [14], one antenna was
distancecsc f(w,)[(x — 2')? + »?]*/? from the waveguide placed inside the slotted waveguide to generate a short burst
slot to the observer. Moreover, from simple geometry, thaf electromagnetic radiation and a second antenna was placed
fields at frequency; traveled down the waveguide a distancénside the waveguide, at a distance- 11 cm from the source
z—cot (w,)[(z —2")? +4?]*/2, before being launched (leaked)antenna. This second antenna measured the time-domain fields,
to the observer. Accounting for the fact that the wave traveisereby realizing a time-domaith; measurement. The results
at a velocity v,(w,) along the slot and at a velocity in are plotted in Fig. 3, using the following format. The measured
air, we arrive at the stationary-point condition in (4b). Thugime-domain fields are shown at bottom, the Fourier transform
the transient fields radiated by the leaky-wave antenna arfethese fields are shown at left, and the STFT is shown in the
characterized by a time-dependent instantaneous frequgncycenter, using a sliding Gaussian window with a 90-ps 3-dB
which is dictated by the frequency-domain characteristics wfdth. In addition to the STFT results (gray scale), the curves
the leakage anglé(w) and the group velocity,(w). in the center of Fig. 3 denote the theoretical instantaneous
Finally, with regard to (4), we see that each source positidrequencies predicted by the asymptotic theory in Section Il
7' yields a slightly different instantaneous frequengy and for the TE;, and TE,; modes (the curves were computed by
therefore when the total fields are calculated via the integmabdifying (2) to¢ = wt — 3z, as dictated by the waveguide
over the slot width [see (3)], there will be some smearing out &reen s function, with the frequency-dependent description of
the instantaneous frequency (i.e., at a given tindistibution 3 calculated via the Method of Moments (MoM), as discussed
of instantaneous frequencies will be measured). For narrd&low). One notices that there is close agreement between the
slots, however, the changedn caused by variation in’ will  theoretical (curve) and short-time Fourier transform (STFT)-
be small at most points of observatidn, y, z). processed instantaneous frequencies and, as designed in the
The above analysis focused on transient radiation fromnaeasurement, only th&'E;, mode is excited strongly. The
slotted-waveguide leaky-wave antenna. To calculate the tinsgnificant dispersion characteristic of the slotted waveguide

I1l. EXAMPLE RESULTS
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Fig. 3. STFT of the transient fields inside a slotted rectangular waveguide. . . . .
In the bottom plot are the measured time-domain fields, at left are théd- 4. STFT (center) of the transient fields radiated by a slotted-waveguide
Fourier transform of the measured fields, and in the center gray-scale #$fenna. The radiated fields were computed via the MoM using the input pulse
the STFT results are depicted. The curves in the center plot are the theorefiéal = 0 (shown inset), and the results are plotted using the same format as
instantaneous frequencies predicted by the theory discussed in the text. fhEig. 3. The curve represents the theoretical instantaneous frequencies.
incident pulse (not shown) had peak energy around 30 GHz.

successfully compared to measured and numerical data, with

yields an extended (chirped) time-domain response (bottdf¢ comparison performed in the time-frequency phase space.
curve), despite the fact that the initial energy is generated by
a short pulse [14].

Our last example considers radiation from the same structufg A. A. Oliner, “Leaky-wave antennas,” idntenna Engineering Hand-
investigated in Fig. 3, with the data generated numerically via  book R. C. Johnson, Ed. New York: McGraw-Hill, 1993, ch. 10.

. . L . . ] D. B. Rutledge, D. P. Neikirk, and D. P. Kasilingam, “Integrated circuit
the MoM (un“ke the fields inside the Wavegwde, the rad'atE(ﬁz antennas,” ininfrared and Millimeter Wavesvol. 10, K. J. Button, Ed.

fields were too weak to measure accurately). In particular, New York: Academic, 1983, pp. 1-87.
the slot electric fields (magnetic currents) were expandet$l H- Shigesawa, M. Tsuji, and A. A. Oliner, “Conductor-backed slot-

. . . . line and coplanar waveguide: Dangers and full-wave analyzed,987
in a subsectional, pulse basis [15], and the magnetic fields |ggg MTT_% Int. Symp‘?’Digpp_ 159_202. yzes,

were matched across the aperture, using appropriate GreBh L. Carin and N. K. Das, “Leaky waves on broadside-coupled mi-

s functions for the region inside and outside the waveguide. g;‘;}s”il%;Z'EEE Trans. Microwave Theory Tegfvol. 40, pp. 58-66,

Once the frequency-domain slot magnetic currents were §g| N. K. Das and D. M. Pozar, “Full-wave spectral-domain computation
computed, the radiated fields were calculated using (1), with of material, radiation and guided wave losses in infinite multilayered
the inverse Fourier transform performed via a fast Fourier printed transmission linesfEEE Trans. Microwave Theory Teghvol.

39, pp. 54-65, Jan. 1991.
transform (FFT). Further, the MoM results were used tqge] T. Leung and C.A. Balanis, “Pulse dispersion in open and shielded
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