204

ance. The reflection coefficient was measured using a dual direc-
tional coupler and a swept amplitude analyzer. Matching of the
periodic line was accomplished using a taper. A tapered line of
suitable length was used at the input end of an eight-section
periodic structure fabricated on a substrate with €, =10.2. A 50-Q
load was connected at the other end using a microstrip connector.
Initial calibration was done with an identical input tapered line
which was shorted at the end. Fig. 9 shows the measured input
reflection coefficient of the eight-section periodic structure.

The same setup was used for the measurement of insertion loss.
It ascertains, as shown in Fig. 7, the frequency characteristics of
the bandstop filter. These characteristics are discussed in the
following section.

V. RESULTS AND DISCUSSION

In Fig. 3, the experimental points closely follow the theoretical
curves. However, they deviate at the higher frequencies. This may
be attributed to the presence of hybrid modes, and dielectric and
radiation losses. Also, it can be observed that the stopbands grow
wider as m increases. The phase and group velocities (Fig. 5) are
found to be almost constant over a fairly large portion of the
passband.

The return-loss measurement shows a moderate amount of
ripple in the passband. This is expected from the expression for
the input impedance. It may be noted from Fig. 4 that the
characteristic impedance is not very sensitive to frequency in the
passband, and hence broad-band matching may not be difficult
to achieve. The theoretical (Fig. 8) and experimental (Fig. 9)
curves of the input reflection coefficient show fairly good agree-
ment,. It is also seen in Fig. 8 that with loads lower than 50 2, the
ripple in the passband is reduced in the frequency range below
the stopband and vice versa at frequencies above the stopband.
This is also evident in Fig. 4.

The frequency response of the bandstop filter (Fig. 7) shows
that its insertion loss increases with m. A frequency shift away
from the theoretically predicted value of f; = 5.3 GHz can also be
observed in Fig. 7. For m =04, the measured shift of center
frequency is 0.4 GHz, whereas it is only 0.05 GHz for m = 0.6. At
a 6-dB insertion loss, the bandwidths are found to be 1.6 GHz
(for m=0.4) and 2.4 GHz (for m = 0.6). While the first value
agrees exactly with the design data, the second differs by +0.05
GHz from the theoretical value.

VI. CONCLUSION

An analysis of a sinusoidally modulated microstrip periodic
line is given. An experimental investigation has been carried out
on lines with several values of p and m. In all cases, the
experimental results by and large agree with the theory as already
discussed. The matching problem has to be improved. This can
be achieved to some extent by using substrates of low €, with ¥
corresponding to 50 £2. Also, the effect of fabrication tolerance is
reduced in this case.

The bandstop filter is very easy to design. Its characteristics
can be varied by changing p and m. The response has steep skirts.
It may perform better than the conventional type of filters.
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Semiconductor Antenna: A New Device in
Millimeter- and Submillimeter-Wave
Integrated Circuits

F. C. JAIN, MEMBER, IEEE, R. BANSAL, MEMBER, IEEE, AND
C.V VALERIO, JR., MEMBER, IEEE

Abstract —A new approach in realizing millimeter- and
submillimeter-wave antennas using semiconductor materials is described.
The characteristics of these antennas can be controlled during fabrication
and/or during operation by modulating the conductivity of the semiconduc-
tor. Theoretical computations are presented to evaluate the performance of
some typical antenna structures. The physical layout of a monolithic
semiconductor antenna with its associated control elements is also de-
scribed.

I. INTRODUCTION

Recent advances [1] in the monolithic integrated circuit tech-
nology for millimeter-wave systems have provided a new impetus
to the design of compatible circuit components. This paper
describes a new approach [2] in the realization of millimeter- and
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submillimeter-wave antennas using doped semiconductor films
grown on suitable semiconductor/insulator substrates. Such
antenna configurations can be integrated readily with other semi-
conductor devices in various applications including high-resolu-
tion airborne radar [3].

The radiation characteristics of a dipole antenna are known to
depend significantly on the current distribution along its length.
Conventional millimeter- and submillimeter-wave antennas, such
as microstrip dipoles and patches [4], are fabricated from high-
conductivity metallic coatings. These structures have little or no
control over the current distribution by the manipulation of
material properties. In contrast, the radiation and circuit char-
acteristics of the semiconductor antennas are closely related to
the value of conductivity and its variation along the antenna
length. It is shown, for example, that a pure traveling-wave-type
current distribution with its concomitant broad-band and direc-
tional properties can be realized by the incorporation of a suit-
ably tapered conductivity profile.

II. THEORY

The performance of simple semiconductor antenna structures,
such as solid whiskers and tubular dipoles, can be analyzed on
the basis of earlier theoretical work of King et al. [5]~[7] on
resistive antennas, These cylinderical geometries can be related to
their planar counterparts in monolithic configurations through
the “equivalent radii” concept [8], [9]. The effect of the insulating
substrate on the radiation characteristics of the antenna is not
taken into account in the present analysis to keep the mathemati-
cal formulation and numerical computations tractable. For
printed metallic dipoles, the effect of the substrate has been
recently studied by Rana and Alexopoulos [10]. A similar ap-
proach is currently under investigation for semiconductor anten-
nas described in Section IV.

Fig. 1 shows two antenna configurations analyzed in this
paper. Fig. 1(a) is a solid semiconductor whisker, while the
antenna in Fig. 1(b) consists of a semiconductor coating over an
insulating tubular substrate. Both structures are driven at their
centers by delta-function generators with an EMF V. An in-
tegral equation can be formulated for the current along these
antennas, and an approximate solution can be obtained in terms
of simple trigonometric functions. Furthermore, a distribution of
internal impedence per unit length can be determined that would
yield a pure traveling current wave with no reflected component.

Since the theoretical development below closely parallels the
analysis of King er al. [5]-[7], most of the details have been
omitted here and only the essential results have been described.
However, it should be emphasized that the approximations em-
ployed in [5]-[7] have been thoroughly checked for the parame-
ters of the millimeter-wave semiconductor antennas.

The axial component 4,(z) of the vector potential on the
surface of the cylindrical antenna of Fig. 1(a) or 1(b) is related to
the total axial current /_(z) through the following one-dimen-
sional wave equation

(Z+k )i Bz n@-wo] 0

where Z'(z)=r'(z)+ jx'(z) is the internal impedance per unit
length and ky = @/c =27/ is the free-space wavenumber. The
time dependence is assumed to be e/“*. For the cases analyzed in
this paper, the displacement current is essentially negligible as
compared to the conduction current in the semiconductor an-
tenna. Two specific distributions of Z*(z) are considered next.
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Fig. 1 Dipole antenna configurations: (a) solid semiconductor whisker, (b)

tubular dipole with semiconductor coating,

Case I: Antenna with Constant Internal Impedance per Unit Length

When the internal impedance per unit length is constant, an
approximate solution of (1) can be obtained in the following
form [5]:

o J2akoVs
L(2) = 13y cos

-[sin k(h—{z|)+ Ty (cos kz — cos kh)

+ T (cos%koz —cos%koh)] )]

where Y4z, Ty, and T, are cocfficients defined in King and Wu’s

work [5]; §o =y/ro/€o =377 £, and the complex wavenumber k
is defined by

j47rZ’ 172
kofom] : )

Once the current distribution /.(z) is known, other antenna
characteristics can be derived in a straightforward manner. In
particular, the input admittance ¥ and the radiation efficiency 5
are related to I,(z) through

k=,8—ja=k0[1—

_LO)

Y ve “4

and

_ Power radiated
(Power radiated + Power dissipated)

_{_I'Re(Y) rn )12
=1 oK '/~hII( )2 dz.

Alternative expressions that are useful when & is predomi-
nantly real (a < 8) and B is at or near #/2 are in the literature

151, 6}

Case II: Antenna with Variable Internal Impedance

Li

(5)

When the internal impedance per unit length is given by

$o¥
zZ! = 6
(2) 27 (h—12]) (6)
where
h z’ , e Jkoro
=2 1— e kot . = 4y 7
¥ -[) ( h )e 0 ‘ ™
with

ro=Vz?+a?. (8)
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Fig. 2. Computed radiation efficiencies for tubular n-Si dipoles as a function
of phosphorus doping concentration Np.

Equation (1) yields the following approximate solution [7]:

1(2)=

2 | ©)

Cov (L= j/koh)
Equation (9) represents a wave of current which travels out-

ward from the generator at z =0 towards both ends without
reflection.

_ LZJ] o Ikolel.

III. NuMmEeRricaAL COMPUTATIONS

Numerical calculations based on the preceding theoretical de-
velopment are presented to evaluate the performance of semicon-
ductor dipole antennas operating in the frequency range of
42-362 GHz. For all the antennas that were analyzed, the inter-
nal impedance per unit length is well approximated by one of the
following expressions:

Z(2) =P (2)+ () = g s () (0)

or
S S
2qac(z)d’

ds=‘/ 2 .
W0

a(z) is the conductivity (mho/meter) of the semiconductor and is
related to the carrier concentration, which is equal to the doping
concentration Np(z) if all the donors are ionized [11].

Case I: Computations have been performed for two solid
dipoles (a =25 pm, £ =2In(2h /a) = 8.54) fabricated from n-Si
(Np = 810" ecm™?). The half-wave dipole at 83.9 GHz has a
radiation efficiency = 89 percent while the full-wave dipole at
'168 GHz has 1 = 93 percent.

Characteristics of various tubular dipoles (n-silicon over an
insulating core) are presented in graphical form in Figs. 2 and 3.
Fig. 2 is a plot of the radiation efficiency as a function of Ny, in
the semiconductor, while Fig. 3 displays the real and imaginary
parts of the input admittance versus Nj,. All these tubular dipoles

Z(z)=r(z)= (whend < d;) (11)

where the skin depth

(12)

have an outer radius ¢ =25 pm and a semiconductor coating of
thickness d =2 pm. It is clear from these figures that, for
medium to high doping levels, semiconductor dipoles are efficient
radiators at millimeter wavelengths and their input admittances
fall in a practical range. In addition, our sample calculation for a
A /2 dipole (@ =7, Np =4X10" cm™3, a =25 pm, d =2 pm) at
362 GHz revealed a radiation efficiency 7 = 86 percent, indicat-
ing the viability of the proposed antennas in the submillimeter-
wave regime as well.

Case II: Fig, 4 shows profiles of doping concentrations along
several tubular dipoles (a =25 pm, d =2 pm) that yield pure
traveling-wave distributions., The half-lengths of these antennas
range from koh=m/2 to kyh =47, The required values of N
are all found to lie in a physically useful range of 10'7 to 10%°
cm~3, Lower values of Ny, are expected for n-GaAs and other
high electron mobility semiconductor layers [11].

IV. ANTENNA LAYOUT

The schematic of a monolithic semiconductor dipole antenna
compatible with integrated circuit technology is shown in Fig. 5.
The antenna structure consists of a semiconductor layer having
an appropriate doping concentration profile. The semiconductor
layer may be n-Si, n-GaAs, or another semiconductor material
depending on its compatibility with the substrate. In the case of
Si, it can be grown epitaxially on a high-resistivity Si substrate or
on an insulating dielectric substrate such as sapphire.

The width w and the thickness ¢ of the semiconductor layer are
computed using the equivalent radii technique [8], [9]. For exam-
ple, a tubular dipole having h=0.5A, a=25 pm, Q=28.54,
f=168 GHz, and d =2 pm can be approximated by a semicon-
ductor slab of 2 = 0.5A, width w =100 pm, and thickness r = 2.5
pm.

Fig. 5 also exhibits the use of surface field-effect in controlling
the carrier concentrations along the antenna length. This is
achieved by using a thin (=1000°A) SiO, and/or Si;N, layer
and poly-Si gate electrodes grown on the Si layer to realize a
metal-oxide-semiconductor (MOS)-type structure. The dc bias
applied to the Si gates can be varied to deplete or accumulate
carriers in the Si layer underneath the gate electrodes. The
resistivity of the poly-Si electrodes is chosen to be sufficiently
high so that they can modulate the conductivity ¢(z) of the
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V. CONCLUSIONS
-0sh In summary, theoretical calculations have been presented to
show that efficient semiconductor antennas can be realized at
millimeter and submillimeter wavelengths. A practical design to
OTSh = X implement these antennas in a monolithic configuration has also
/ been discussed in the context of the present IC technology.
-1.0n | Eventual integration of contro] circuitry and antenna arrays into
a compact and agile system is foreseen.
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Dynamic Behavior of Pulsed-IMPATT Oscillators

R K. MAINS, G. . HADDAD, D. BOWLING,
AND M. AFENDYKIW

Abstract —A method of simulating the dynamic behavior of pulsed-
IMPATT oscillators is presented. It is assumed that the simulation vari-
ables change slowly with respect to the RF period so that the quasi-static
approximation may be used. A comparison of simulation results with
experimental results for an X -band circuit is given.

1. INTRODUCTION

The quasi-static approximation may be effectively used to
simulate transient effects in free-running and injection-locked
pulsed oscillators [1], [2]. It is an alternative to the time-consum-
ing method of performing a complete device-circuit interaction
simulation in the time domain using a small time step due to
stability restrictions on the device simulation. The quasi-static
method requires a complete steady-state characterization of the
IMPATT device over the ranges of temperature, bias current
density, and RF voltage amplitude that will be encountered in the
transient simulation. It is then assumed that the simulation
parameters change slowly with respect to the RF period so that
the IMPATT appears to be in a steady-state condition at any
particular instant of time. In this manner, the transient can
readily be simulated over the entire pulse width.

II. IMPATT DEVICE MODEL

Fig. 1 shows the doping profile of the GaAs double-drift
IMPATT diode used in the simulations. This particular structure
was fabricated by Microwave Associates, Inc., and was also used
in the experimental phase of the investigation. This diode was
simulated at 10 GHz using the computer programs developed by
Bauhahn and Haddad [3], [4] and later modified by Mains and
Haddad (5], wherein it is assumed that the particle currents
consist of a drift plus diffusion term, with drift velocities and
diffusion coefficients expressed as functions of the local electric
field. Simulations were carried out at temperatures T = 300, 400,
500, 535, and 575° K. At each temperature, simulations were
performed at bias current densities of J;, = 400, 650, and 1000
A/cm?, For each (T, Jy,) combination, a sinusoidal RF voltage
at 10 GHz was applied and the amplitude was varied from zero
to the point where the diode efficiency dropped significantly. The
information thus obtained is Yy, (f =10 GHz; T, Jy., Vgs), the
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Fig. 1. Doping profile of GaAs IMPATT diode used in the theoretical and
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Fig. 2. Circuit model used for the simulations (Cp = 2.07 pF, L, = 0.153 nH,

Cp=032 pF, Z,=3.98 9, ¢,=2.53, [=0.2667 cm, C=0111 pF, and
R; =50 Q).

diode admittance in mho/cm?, and ¥, (f =10 GHz; T, 14, Vxp),
the diode large-signal operating voltage. At Jy. =0, the diode is
modeled as a depletion capacitance C,=(€4/w,)F in series
with a small resistor R, = (w,/04)Q to account for the unde-
pleted region (w, is the depletion region width and w, is the width
of the undepleted region). To obtain the diode characteristics at
operating points other than those simulated, a linear interpola-
tion scheme is used [2]. o

It is assumed that the circuit admittance Y.(s) varies more
rapidly with frequency than the diode admittance so that Y, may
be assumed constant with frequency over the range of interest.
However, the diode cold capacitance Cp, = (¢/w) F/cm? (where
w=w,+w,=0695 pm) is lumped into Y.(s) so that the wC,
component of the diode susceptance does vary with frequency.
The device area was assumed to be 4 =1.3 1073 c¢cm?, which is
the measured value for the diode.

III. Circuit MODEL

Fig. 2 shows the circuit used to model the actual oscillator
circuit, which consists of a 50-£ transmission line (represented by
R;) and a low-impedance transformer adjacent to the diode
package (represented by Z,, /, and ¢,). The capacitance C is the
discontinuity capacitance between the 50-Q transmission line and
the transformer. The circuit elements to the right of plane P were
verified from experimental impedance measurements at this plane.
It was attempted to measure the package-mounting equivalent
circuit elements L, and C,; however some uncertainty remained
concerning these values, especially for the series inductance L.
The procedure was to use the experimentally determined value of
032 pF for C, and to determine L, as follows. The diode
admittance resulting from the simulation at 7= 500°K, J,, = 650
A/cn?’ (the bias current density used experimentally) and Vigy =
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