the impedance bandwidth increases with an increasing value
of Rp. It is also observed that two resonant modes are
excited, owing to the broadband characteristics of the passive
slotted triangular microstrip antenna [3]. The impedance
bandwidth, determined from the 10 dB return loss, for the
case with R, = 50.7 k(), is as large as 164 MHz or about
9.3% referenced to the center frequency at 1760 MHz. (The
center frequency is defined here to be the frequency (f; +
fi)/2, where f, and f;; are the lower and higher frequencies
with 10 dB return loss in the impedance bandwidth.) This
impedance bandwidth is about 2.0 times that of the passive
slotted antenna studied here (about 4.7% [3]) or 6.0 times
that of the passive simple triangular microstrip antenna with-
out slots (about 1.6%). The obtained impedance bandwidths
of the other two cases with Ry = 33.3 and 42.7 kQ) are also
larger than that of the passive slotted antenna, and are 125
MHz (about 7.1%) and 135 MHz (about 7.6%), respectively.

The radiation characteristics and antenna gain are also
studied. Figure 3 shows the typical measured E-plane (y-z
plane) and H-plane (x—z plane) radiation patterns at the two
resonant modes of the active antenna with Ry = 50.7 k(.
The obtained results show good radiation characteristics.
Figure 4 presents the measured antenna gain in the broad-
side direction against frequency for the active antennas stud-
ied in Figure 2. Results clearly indicate that the antenna

90°!L

-20dB

—— co-pol
—— cross-pol

Figure 3 Measured E-plane (y-z plane) and H-plane (x—z plane)
radiation patterns of the active antenna studied in Figure 2 with
Ry =50.7kQ. (a) f= 1752 MHz. (b) f = 1808 MHz
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Figure 4 Measured antenna gain in the broadside direction against
frequency for the active antennas studied in Figure 2

gains of the active antennas with various bias feedback resis-
tances are about the same, and are about 6 dB greater than
that of the passive slotted triangular microstrip antenna.
Also, relatively more uniformity in the antenna gain as a
function of frequency is observed for the active antennas, as
compared to that of the passive slotted triangular microstrip
antenna shown in the figure.

4. CONCLUSIONS

An amplifier-type active microstrip antenna, as a transmitting
antenna, with enhanced gain and bandwidth has been imple-
mented and studied. It is shown that, with the selection of a
possible maximum feedback resistance in the active circuitry,
the impedance bandwidth of the active antenna can be greatly
enhanced for a given extra output gain. For the specific
design studied here, the obtained impedance bandwidth can
be as large as two times that of the passive slotted microstrip
antenna or six times that of the passive conventional unslot-
ted triangular microstrip antenna.
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ABSTRACT: A fast frequency-sweep technique is presented for the
analysis of cavity-backed microstrip patch antennas. This technique
applies the method of asymptotic waveform evaluation (AWE) to the
hybrid finite-element boundary-integral (FE—BI) solution of the original
boundary-value problem. Numerical examples show that the proposed
technique can speed up the analysis by more than an order of magnitude.
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I. INTRODUCTION

Since microstrip patch antennas are resonant structures, their
characteristics, such as input impedance, vary drastically as a
function of frequency. As a result, when a microstrip patch
antenna is analyzed using a frequency-domain-based method,
the analysis must be repeated many times with a small
frequency increment in order to obtain its response over a
frequency band. This often leads to excessive computing time,
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especially when many design variations have to be evaluated.
In this letter, we present a numerical procedure to alleviate
this difficulty. In this procedure, we apply the method of
asymptotic waveform evaluation (AWE) to the hybrid
finite-element boundary-integral (FE-BI) solution of scatter-
ing and radiation from a cavity-backed microstrip patch an-
tenna. Our numerical examples show that the proposed tech-
nique can speed up the analysis by more than an order of
magnitude.

Il. FORMULATION

The FE-BI method is a powerful numerical technique for
solving electromagnetic scattering and radiation problems
[1-3]. This technique divides an open-region problem into
interior and exterior problems, and employs the finite-ele-
ment method to deal with the interior problem. The exterior
problem is formulated using the boundary-integral method
which, when coupled with interior fields, provides an efficient
solution to the original problem.

For the problem of scattering and radiation by a cavity-
backed microstrip patch antenna recessed in a ground plane
(Fig. 1), it has been shown [3] that the electric field inside the
cavity and over the aperture can be found by seeking the
stationary point of the functional

F(E)=%fffv MLI(VXE)'(VXE)—I{ZE,E‘E dv
+fffV[ijJi"‘-E—I%M“”-(VXE) v

- szffSM(r) : [ffSM(r')G(r,r') dS’] ds
+ff V-M(r)[ff G(r,r )V’ ~M(r’)dS’] ds
S S

- 2ijffS M(r) - H™(r) dS 1)

where V' denotes the volume of the cavity and S denotes its
aperture, M = M X £ is the equivalent magnetic current over
the aperture, k is the free-space wavenumber, Z is the
free-space wave impedance, and G(r,r’) denotes the free-

Ground Plane

Figure 1 Illustration of a cavity-backed microstrip patch antenna

space Green’s function:

e—iklr=r]

G(r,r) = 2)

4orlr — r'|”

For scattering problems, H"® denotes the incident magnetic
field. For radiation problems, J™" and M™ denote the elec-
tric and magnetic sources associated with the antenna feeds.

The discretization of the above functional has been de-
scribed in detail in the past [3]. It leads to the matrix
equation

A(k)E(k) = B(k) (3)

where A is a partly sparse and partly full symmetric matrix,
E is a vector representing the discretized electric field, and B
is the excitation vector related to the incident field for
scattering or internal sources for radiation.

Since the matrix A4 in (3) depends on frequency, it must
be generated and solved repeatedly at each individual fre-
quency in order to obtain a solution over a frequency band.
This can be time consuming, especially for microstrip patch
antennas whose response varies drastically with frequency. In
this work, we alleviate this problem using the AWE method.

The AWE method was originally developed for high-speed
circuit analysis [4, 5]. In AWE, the transfer function of a
circuit is expanded into a series, and the circuit model is then
approximated with a lower order transfer function by mo-
ment matching. This method has recently been applied to the
finite-element and finite-difference analysis of electromagnet-
ics problems [6—13]. It has also been applied to the method-
of-moments solution of scattering [14-16] and microstrip
structures in a multilayered medium [17].

In accordance with the AWE method, to obtain the solu-
tion of (3) over a wide frequency band, we expand E(k) into
a Taylor series:

0
E(k) =Y m,(k —ky)" 4)
n=0

where k, is the expansion point. Substituting this into (3),
expanding the impedance matrix A(k) and the excitation
vector B(k) into a Taylor series, and finally matching the
coefficients of the equal powers of k — k, on both sides yield
the recursive relation for the moment vectors:

my = A D(ky)B(ko) 5)
B™(k,) no AD(k )mn—i
m, = AV (k)| ——2 -y e s
n! i1 i!
(6)

where A D denotes the inverse of 4, A® denotes the ith
derivative of A, and likewise, B"” denotes the nth derivative
of B. These derivatives are found analytically in this work.

The Taylor expansion has a limited bandwidth. To obtain
a wider bandwidth, we represent E(k) with a better behaved
rational Padé function:

TE o a;(k — ko)’
E(k) = —— —— @
1+ XM bk — ko)

where L + M = Q. The unknown coefficients a; and b; can
be calculated by substituting (4) into (7), multiplying (7) with
the denominator of the Padé expansion, and matching the
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coefficients of the equal powers of k — k. This leads to the
matrix equation

my, my_q myp_, myp_m+1
my i my my_ mp_m+2
myp o myp 1 mp myp_m+3
Mmpiy-1 Mpym—2 Mpipm-3 7 my
b, mp
by mp o
X| by | = —| mp.s (®
by mpim

which can be solved for b;. Once b; are obtained, the un-
known coefficients a; can then be calculated as

i
a;= Y, bm, ;, 0<i<L. 9
j=0

Clearly, in the procedure described above, the impedance
matrix A(k) is inverted only once, which is the main reason
for the efficiency of the AWE method. In the case where one
expansion point is not sufficient to cover the desired fre-
quency band, one can use multipole expansion points, which
can be selected automatically using a simple binary search
algorithm [7, 11].

11l. NUMERICAL EXAMPLES

To demonstrate the efficiency and accuracy of the proposed
method, a number of numerical examples are considered.

The first example is scattering by an antenna geometry
consisting of a 3.66 cm X 2.60 cm rectangular conducting
patch residing on a dielectric substrate having thickness ¢ =
0.158 cm, relative permittivity €, = 2.17, and a loss tangent of
0.001. The substrate is housed in a 7.32 cm X 5.20 cm rectan-
gular cavity recessed in a ground plane. The incident plane
wave is polarized along the f-direction, and the angle of
incidence is 6™ = 60° and ¢ = 45°. The monostatic radar
cross section (RCS) of the antenna is shown in Figure 2 as a
function of frequency from 2 to 8 GHz. Clearly, the RCS is
characterized by a series of peaks, each corresponding to a
resonant mode of the patch. The results compare well with
the experimental data for the patch residing on an infinite
substrate [18].

The number of unknowns used in the calculation is 1585.
With a frequency increment of 0.05 GHz, it takes the direct
method, which solves (2) repeatedly for each frequency, 3254.4
s to obtain the solution on a digital personal workstation (500
MHz Alpha 21164 processor). With a sixth-order Taylor
expansion (Q =6, L =3, M = 3), the AWE method pro-
duces an accurate solution with 0.01 GHz increments over
the entire band in 265.2 s.

The second example is radiation by an antenna geometry
consisting of a 5.0 cm X 3.4 cm rectangular conducting patch
residing on a dielectric substrate having thickness ¢ = 0.08770
cm, relative permittivity €, = 2.17, and a loss tangent of
0.0015. The substrate is housed in a 7.5 cm X 5.1 cm rectan-
gular cavity recessed in a ground plane. The patch is excited
by a current probe applied at x, = 1.22 cm and y, = 0.85 cm.

RCS (dBsm)

-85 . 2 )
2 3 4

ok

5
Frequency (GHz)

Figure 2 Monostatic VV-polarized RCS versus frequency for a
cavity-backed patch antenna (A4 = 7.32 cm, B = 5.20 cm, L = 3.66
cm, W= 2.60cm, d = 0.158 cm, €, = 2.17, tan 6 = 0.001, ginc = 60°,
¢inc — 450)
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Figure 3 Input impedance versus frequency for a cavity-backed
patch antenna with a probe feed at x; = 1.22 cm and y; = 0.85 cm
(A=75cm, B=51cm, L =50cm, W=34cm,d=0.08779 cm,
€, = 2.17, tan & = 0.0015). (a) Resistance. (b) Reactance
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Figure 4 Input impedance versus frequency for a cavity-backed
patch antenna with a probe feed at x; = 1.22 cm and y, = 0.85 cm
and a 50 Q resistor load at x; = —2.2 cm and y; = —1.5 cm
(A=75cm, B=51cm, L =50cm, W=34cm,d=0.08779 cm,
€, = 2.17, tan & = 0.0015). (a) Resistance. (b) Reactance

Figure 3 shows the input impedance of the antenna as a
function of frequency from 1 to 4 GHz. Figure 4 shows the
input impedance when a 50 ) impedance load is placed at
x; = —22 cm and y; = —1.5 cm. The calculated results
compare well with the experimental data for the patch resid-
ing on an infinite substrate [18].

The number of unknowns used in the calculations is 1741.
With a frequency increment of 0.05 GHz, it takes the direct
method 4012.8 s to obtain the solution. With a sixth-order
Taylor expansion (Q = 6, L = 3, M = 3), the AWE method
produces an accurate solution with 0.01 GHz increments over
the entire band in 254.2 s.

The information on the calculations is summarized in
Table 1 for a clear comparison. In both cases, the speed-up is
more than an order of magnitude.

IV. CONCLUSION

A fast frequency-sweep technique is described for the analy-
sis of cavity-backed microstrip patch antennas. This tech-
nique applies the AWE method to the FE-BI solution of the
original boundary-value problem. Numerical examples show
that the proposed technique can speed up the analysis by
more than an order of magnitude.
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ABSTRACT: A microwave microstrip probe-fed antenna with an
integrated voltage-controlled phase shifter is investigated. The phase
shifter used is a microstrip 90° hybrid loaded by two varactor diodes,
allowing a 40° phase shift. It is integrated on the antenna due to
multilayer technology. Radiation patterns in the E- and H-planes are
similar to those obtained with a simple passive patch. © 1999 John
Wiley & Sons, Inc. Microwave Opt Technol Lett 22: 393-394, 1999.

Key words: microwave; microstrip antennas, antenna arrays;
phase shifter

INTRODUCTION

Printed arrays antennas, used for electronic scanning because
of the phase and magnitude control of the signal feeding
each radiating element, still suffer from the size of feeding
circuits. Many studies have been carried out to compact these
arrays, especially with oscillating antennas which allow us to
independently control the phase shift of each element of the
array. However, the addition of active components substan-
tially damages the radiation pattern, particularly with regard
to the cross polarization in the two measured planes.

In this paper, we present a microwave microstrip antenna
operating at 4.95 GHz with an integrated voltage-controlled
phase shifter. This antenna allows us, in addition to the gain
in compactness, to obtain nearly the same radiation pattern
as a simple passive microstrip antenna.

ANTENNA DESIGN AND PRINCIPLE

Tarot, Terret, and Coupez [1] obtained a circular polarization
by using a 90° microstrip hybrid stacked on a patch. We

decided to apply this principle to realize, due to multilayer
technology, an integrated phase shifter (Fig. 1).

The phase shifter used is a well-known 90° hybrid, loaded
by two varactor diodes [2]. The principle consists of using the
printed antenna as the 90° hybrid ground plane. As the
antenna is fed by a semirigid coaxial probe, instead of con-
necting the external conductor of this coaxial probe on the
antenna ground plane, we solder it on the antenna itself. The
inner conductor of the probe is then connected to the phase
shifter input, which will permit us to phase shift the signal
before feeding the antenna. The output of the 90° hybrid is
then connected to the patch ground plane through the 50 Q
impedance point. As the field under the cavity is well excited,
this output becomes the patch feed. To not create a distur-
bance in the radiation pattern, the external conductor of the
probe has to be soldered at the center of the patch where the
field is nil. For the same reason, the thickness and permittiv-
ity of the phase shifter substrate have to be small. Moreover,
it is obvious that the dimensions of the phase shifter have to
be smaller than the patch. To reduce the phase shifter
dimensions, a high-permittivity substrate or a thin one must
be chosen. The second solution has been selected, and the
90° hybrid dimensions have been optimized at 4.98 GHz with
the HP Momentum software, on a substrate of thickness
0.381 mm and the same permittivity as the patch substrate.
The antenna considered is a 19.5 mm square patch typically
working at 4.98 GHz, and is realized on a substrate having a
thickness of 0.762 mm and a dielectric constant of 2.2. The
diameter of the external conductor of the coaxial probe used
is 2.2 mm, and the inner one is 0.5 mm. The varactor diodes
are MA4ST563-L120 having a 5-1 pF capacitance swing for a
reverse voltage applied from 0 to 20 V. The phase shift
obtained between the two ports varies from 0 to 40°, and the
insertion loss is constant and close to —0.7 dB. The dc
voltage is transmitted with the HF signal to avoid a biasing
circuit. Figure 2 shows the impedance locus of the complete
antenna when the inverse voltage applied takes the two
extremes values 0 and 20 V. The return loss is always < —10

centre of the patch, phase shifter input

feeding paint
hase shifter ouput

ound plane
|

Top view
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[N
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Figure 1 Antenna design
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