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Abstract. The design of an active integrated antenna with
negative resistance transistor oscillator has been descri-
bed. Simple but reasonably accurate analysis of oscillation
start-up and steady state operating frequency prediction is
presented. The active antenna prototype was manufactured
and its operating frequency, EIRP and radiation patterns
were measured. Two of these antennas were integrated in
active arrays coupled in E- and H-planes. The inter-ele-
ment distance in the arrays was optimized to obtain in-
phase operation and mutual injection locking. Very good
power combining efficiency was measured and beam scan-
ning capabilities were demonstrated for both arrays.
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1. Introduction

Although the concept of active integrated antennas
and arrays is known for more than three decades the inte-
rest for them is still growing because of the advantages
they offer. The compact antenna element integrated with an
active device for power generation finds its applications in
communications [1] and radar systems [2] because of small
dimensions, fabrication simplicity, low weight and low
cost. By integration of two or more active oscillating an-
tennas in arrays new advantages as free space power com-
bining [3], [4], [S] and beam scanning without phase shif-
ters [6], [7] emerge.

When the power from multiple radiating sources is
combined in free space the losses in combining circuits are
avoided. To obtain power combining all array elements ha-
ve to be mutually injection locked. Injection locking is
realized through mutual coupling between the array ele-
ments. The coupling can be weak (mainly radiative [3],
[4]) or strong (e.g. by using coupling lines [8], [9] or integ-
rating oscillators in spatial grids [10]).

In this paper the design procedure of an active oscil-
lating antenna with the oscillator circuit integrated inside

an opening in the patch is presented. Furthermore, its ap-
plicability for building active arrays is demonstrated.

2. Oscillator Theory

When the active oscillating antenna is built, the active
device or circuit is integrated with the microstrip radiator.
The patch antenna as a resonant element determines the
operating frequency of this oscillator. When designing a
spatial oscillator with an one-port (e.g. Gunn device), the
condition to be satisfied is suitable impedance matching
between the active device and the radiating element [8].
When a two-port device (e.g. bipolar transistor or FET) is
used there are two possibilities. The first is to load the two-
port device in such a way to get negative resistance in the
frequency band of interest at one of the ports. In that case
the oscillator design is similar to the one with an one-port.
The second possibility is to use the active two-port as an
amplifier with positive feedback [11]. This approach usu-
ally requires relatively long lines to assure the required
phase shift in the feedback loop resulting in larger substrate
area for the fabrication of the active antenna. In this paper
the first approach has been used because it allows the de-
sign of a compact active antenna suitable for integration in
arrays with inter element spacing less than a wavelength.

Zy(4,w) g m |f‘:|ZL(CO)

Fig. 1. Equivalent circuit of a negative resistance oscillator.

Every noise free negative resistance oscillator, indepen-
dently of its actual composition, can be represented with
the circuit shown in Fig. 1 [12]. Here Z4(4, w) is the im-
pedance of the active device, Z; (w) is the impedance of the
passive load, 4 is the amplitude of the current in the loop
(I = 4-¢“"), and w is the angular frequency. The circuit in
Fig. 1 is then described with:

[Z,(4,0)+Z (o) - 1=0 . (1)

As the dependence of the active device impedance Zy(4, w)
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on the current amplitude 4 is predominant, the dependence
on the angular frequency @ can be neglected. When the
oscillations exist in the circuit, the current can not be zero
(I #0). As (1) is valid, the expression in square brackets
must equal zero, which results in:

Z,(0)=-27,(4) - 2)

Equation (2) must be satisfied in the circuit on Fig. 1 in
steady state. In graphic interpretation equation (2) is the
intersection point of the active device impedance locus
—Z4(A) and load impedance locus Z; (w). However, the con-
dition given by (2) is necessary but not sufficient for stable
operating point of the oscillator [12]. In case that the loci
of Zi(w) and/or —Z4(4) have one or more loops several in-
tersections can exist resulting in one or more stable and
unstable operating points.

Considering the design of an active integrated anten-
na, Z4(A4) is the impedance at the output of the oscillator
circuit and Z; (w) is the antenna input impedance.

3. The Modified Patch Antenna

The modified patch with the line transformer, similar
to the one used in the design presented in this paper, was
introduced in [13] where a Gunn device was used as the
active element. However, it was shown that, due to the re-
latively large negative resistance bandwidth of the Gunn
device, the oscillating antenna suffered from mode instabi-
lities. The design presented in this paper uses a bipolar
transistor as the active device. The bandwidth of its nega-
tive resistance can be better controlled which eliminates
mode hopping.

The patch antenna was designed and optimized by
using the IE3D electromagnetic simulator from Zeland
Software, Inc. The rectangular patch was designed for
operation in TMy; mode. The substrate had the height of
1.576 mm, relative dielectric constant of 2.55 and the loss
tangent of 0.0019. A 10 mm x 25 mm rectangular opening
has been made symmetrically inside the patch to allow the
placing of the transistor and the impedance matching net-
work. The rectangular opening lowered the patch resonant
frequency. This was compensated by reducing the patch
resonant dimension / (Fig. 2). Finally, the patch dimensions
were w = 42.3 mm and / = 34.7 mm. The opening dimen-
sions were determined by two opposite requirements: to
have enough space for placing the oscillator circuit and the
impedance matching network and to maintain the patch
intact as much as possible in order to reduce the disturban-
ce of the current distribution on the patch and to assure the
excitation of the antenna in TMy, mode. Furthermore the
opening dimensions must not be resonant and it must not
radiate. The calculated current distribution (Fig. 2) on the
modified patch and the measured radiation patterns con-
firm that this modification has not significantly altered the
current distribution on the patch. To reduce the cross-pola-
rization levels it is the best to excite the patch at its line of

symmetry. Two of the opening edges are close to the patch
radiating edges, so the input impedance at resonance at this
points will be quite high (approx. 200 Q). This was confir-
med by simulation. Relatively high impedance at the center
of the opening edge has to be transformed to lower impe-
dance which satisfies the conditions for starting of the os-
cillations [12]. A suitable impedance transformation has
been achieved with a 5 mm x 13.7 mm microstrip line.

Furthermore, the locus of the antenna input impedan-
ce should not have loops in the bandwidth where the active
circuit will show negative resistance to assure stable opera-
tion of the active integrated antenna. This issue will be fur-
ther discussed in the next section.
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Fig. 2. Calculated current distribution on the modified patch at

resonance (2.3 GHz).

4. The Oscillator

The active device in the oscillator is the Hewlett-Pac-
kard AT-41485 NPN bipolar transistor in common collec-
tor configuration (Fig. 3).

° +Vdc
L, C,
° 7Vdc

Fig. 3. Transistor oscillator circuit.

The common collector configuration is used because it
allows simple biasing network and offers very good possi-
bility to control the negative resistance bandwidth at the
oscillator output. The length and the characteristic impe-
dance of the destabilizing inductive short-circuited stub
(Stub in Fig. 3), which is connected to the transistor base
terminal, were optimized to obtain negative resistance at
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the emitter in the frequency band around 2.3 GHz. The
emitter terminal is used as the oscillator output and it is
connected to the patch antenna. The resistor Rz connected
from the collector to the base provides the base dc biasing.
The dc biasing of the emitter is realized by negative dc vol-
tage connected through a high-impedance microstrip line to
the center of the patch non-radiating edge while the positi-
ve dc voltage is connected to the ground plane. The dc
blocking capacitors are marked with C, Rg is the emitter
resistor and the capacitor C, filters eventual fluctuations of
the dc source. The inductor L is used as RF choke. Only
the elements included in the dashed rectangle in Fig. 3 are
embedded in the opening inside the patch.
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Fig. 4. Calculated real (Ry) and imaginary (X;) part of the impe-
dance at the output of the oscillator in Fig. 3.

The calculated impedance with a negative real part (Z4 =
= Ry +j Xy) at the oscillator output (Fig. 3) is shown in Fig.
4. This impedance is obtained by using the small signal
scattering parameters given by the transistor manufacturer
[14]. These results are important for examining conditions
at the oscillation start-up. In Fig. 4 it can be seen that nega-
tive resistance at the oscillator output port exists in the
bandwidth from 600 MHz to 2.93 GHz.

The operation of the active integrated antenna will be
stable if the active circuit loaded with the input impedance
of the microstrip antenna satisfies the conditions for stable
operation [12]. The interaction between the modified mic-
rostrip patch (Fig. 2) and the oscillator circuit (Fig. 3) can
be analyzed graphically. Fig. 5 shows the calculated an-
tenna input impedance Z; (w) and its possible intersections
with negative of the active device impedance loci —Z4(4). It
can be seen that other loops in the Z;(w) locus will be for-
med at frequencies below 500 MHz or above 3 GHz where
there is no negative resistance at the oscillator output. This
implies that there will be only one stable operating point of
the oscillator.

The magnitudes and phases of all four transistor scat-
tering parameters change with the increase of oscillation
amplitude. This should be taken into account in rigorous
analysis of the oscillator behavior. However, simplified
analysis and approximate estimation of the system behavior

can be made considering only the decrease of the magni-
tude of the transistor s,; parameter. In this way the loci of
the negative of the active device impedance —Z4(4) in Fig.
5 have been obtained. These loci are derived for five
frequencies between 2.1 GHz and 2.5 GHz, with a step of
100 MHz. The arrows on —Z4(A4) curves indicate the direc-
tion of the increasing oscillation amplitude. The oscillator
operating point in steady state is determined by the inter-
section of the —Zy(4) and Z () loci. In Fig. 5 it can be
observed that the intersection of the —Z4(4) curve for 2.3
GHz with the impedance locus Z; (w) occurs very close to
the 2.3 GHz frequency point of on the Zj(w). Therefore
equation (2) will be satisfied at this frequency. This shows
that even such simple simulation can predict the operating
frequency with reasonable accuracy.

Fig. 5. Load impedance (patch input impedance) Z(w) in the
frequency band 0,5 + 3 GHz (markers at every 500 MHz in
the band 0,5 + 2 GHz and at every 100 MHz in the band 2 + 3
GHz) and the negative of the oscillator output impedance
—Z4(A) for the frequencies 2.1; 2.2; 2.3; 2.4 and 2.5 GHz.

The oscillator circuit from Fig. 3 was adapted for integra-
tion inside the opening in the patch. The final layout of the
active integrated antenna is shown in Fig. 6.

microstrip line
for impedance
transformation
- Vdc

transistor

V4 Ry
—_—

+ Vdc

base bias
resistor Ry stub

destabilizing  dc blocking

capacitor C via-holes

Fig. 6. Active integrated antenna layout.
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The RF choke (inductor L) from Fig. 3 is replaced by
a quarter wavelength long high-impedance microstrip line
terminated by an RF short circuit (capacitor C connected
between the end of the line and the ground plane, Fig. 6).
For the dc voltage this point is isolated from the ground
plane and here is connected the resistor Rg. On the other
end of the resistor R, is applied the negative dc voltage.

The low impedance (ideally short circuit) for RF sig-
nal obtained by the capacitor C connected to the ground
plane is transformed by a quarter wavelength long micro-
strip line to high impedance (ideally open circuit) for RF
signal at the patch non-radiating edge. In this way the dc
bias circuit is decoupled from the antenna and the oscillator
circuit.

5. Spatial Power Combining Arrays

Two active patches, described in the former section
(Fig. 6), were integrated in two arrays, one coupled in
E-plane (Fig. 7a) and the other in H-plane (Fig. 7b).

b)

Fig.7. Two-clement arrays of active patches: a) coupled in
E-plane, b) coupled in H-Plane (O, @ = excitation ports).

The two active integrated antennas are mutually coupled
predominantly by radiation which results in mutual injec-
tion locking. The coupling strength and phase are determi-
ned by the array inter-element distance d. The analysis and
stability considerations in [7] show that the coupling phase
around 0° gives the best results for weakly coupled spatial
power combining arrays. With the coupling coefficient
phase of 0° and all elements adjusted to operate at the same
free-running frequency, maximum power combining is ob-
tained in the direction perpendicular to the plane of the
array. Therefore, the inter element distance d is optimized
for coupling coefficient phase of 0°. For the E-plane array
(Fig. 7a) the array element orientation introduces an addi-
tional phase shift of 180°, and this has to be compensated
by the coupling coefficient phase of 180°.

The inter-element distances and with it the coupling
coefficient phases for both arrays have been optimized by
the IE3D electromagnetic simulator package. The results
are given in Table 1. The inter-element distance is given in
terms of free space wavelength Ay, The magnitude and
phase of the coupling coefficient are calculated at 2.3 GHz.

Couplin Coupling

Coupling Inter-element pling coefficient
: coefficient .

plane distance d hase magnitude
P [dB]
E 0.72 Ao 180° -39
H 0.85 Ao 0° —45

Tab. 1. Optimization results for the active arrays.

6. Experimental Results

To verify the design considerations in the previous
sections, two prototypes of the active integrated antenna
were manufactured and their characteristics were
investigated. Very good agreement of the measured results
between the two active antennas was observed, thus the
measurement results for only one antenna are given. Also
the measurement results for E-plane coupled and H-plane
coupled active spatial power combining arrays are given.

6.1 Active Integrated Antenna

As the microstrip radiator and the oscillator circuit are
integrated together, the most appropriate way to characteri-
ze the output power of this system is to measure its equi-
valent isotropicaly radiated power (EIRP). The EIRP is the
product of the antenna gain and the oscillator output power
when it is loaded with the antenna input impedance. The
EIRP is obtained by measuring the power P, received by a
calibrated measurement antenna with gain G, at a known
distance R from the tested active integrated antenna:

2
giRp = L [4TRY 3)
G\ 2

T

Here 1 is the wavelength of the measured signal. The dis-
tance R should be large enough so that the received power
P, is measured in the far-field region [15].

The measured changes of the equivalent isotropicaly
radiated power (EIRP) and the oscillating frequency in
dependence of the dc bias voltage are shown in Fig. 8. By
changing the dc bias from 2 to 9 V a frequency tuning
range of about 40 MHz was obtained. It can be seen that
the change of the oscillating frequency with the bias volta-
ge is very linear. At 9 V bias the discrepancy from the de-
sign frequency of 2.3 GHz is less than 0.5%. At the same
bias voltage of 9 V the maximal EIRP of 19.4 dBm was
measured and a dc to RF conversion efficiency of 33% was
obtained. This oscillating antenna showed stable operation
and clean spectrum in the whole frequency tuning range.
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Fig. 8. Measured EIRP and frequency as functions of bias voltage.

The measured E- and H-plane radiation patterns are shown
in Fig. 9. The co-polarization radiation patterns in both E-
and H-planes are symmetrical around broadside and they
are not affected by the patch modifications and electronic
circuits inside the antenna. The cross-polarization levels
are below —23.2 dB in E-plane and bellow —17.7 dB in H-
plane for all angles.
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Fig. 9. Measured E-plane (solid) and H-plane (dashed) co-pola-
rization (thick line) and cross-polarization (thin line) radia-
tion patterns of the active patch.

The measured spectrum of this active antenna was clean
and the operation was stable. The content of the second
harmonic in the radiated signal in the broadside direction
was measured. The highest measured level of the second
harmonic was observed at 9 V bias and its level was 35.2
dB bellow the fundamental. The results for other bias vol-
tages are given in Table 2. The levels of harmonic compo-
nents of the order higher than two were below the noise
floor of the measuring instrument.

6.2 Two-Element Active Arrays

The array spatial power combining efficiency is cal-
culated from the measured radiated power in the case of

broadside radiation divided by the array factor and by the
sum of powers radiated by each array element in the free
running conditions. The results are given in Table 3.

Bias voltage Second harmonic
V] 9 level with respect to
fundamental [dB]
5 -40.5
7 -37.3
9 -35.2

Tab. 2. Measured levels of the second harmonic in the radiated signal.

The E-plane array showed power combining efficiency of
105 %. A combining efficiency larger than 100 % can be
explained by better impedance matching between the os-
cillator circuit and the patch antenna obtained in the array
due to the interaction between the array elements. Another
reason for combining efficiency larger than 100 % can be
the increase of the power radiated by each of the array ele-
ments in injection locking conditions [12].

. Power Beam
Coupling L . Max cross-polar levels [dB]
combining | scanning : ;
plane o broadside / left sc./ right sc.
efficiency range
E 105 % *17° -22/-211-20
H 97 % +11° -20/-19/-20

Tab. 3. Measurement results for the active arrays.

Beam scanning is achieved by changing the bias voltage of
one of the array elements. For both arrays symmetrical
beam scanning around broadside has been obtained. The
measured beam scanning ranges for both arrays were smal-
ler than the theoretical maximum for given inter-element
distance and maximal inter-element phase shift of +90°
(determined by the injection locking condition), because
the operation near the edge of the locking bandwidth is
unstable.
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Fig. 10. Measured co-polarization (thick line) and cross-polariza-
tion (thin line) radiation patterns for E-plane array; broadside
(solid); left scan (dashed); right scan (dotted).

Co-polarization and cross-polarization radiation patterns
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have been measured for broadside radiation and for both
maximal obtainable scanned positions of the main beam
(Figs 10 and 11). The maximal measured cross-polarization
levels for broadside radiation as well as for both scanned
beam positions are given in Table 3.
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Fig. 11. Measured co-polarization (thick line) and cross-polariza-
tion (thin line) radiation patterns for H-plane array; broadside
(solid); left scan (dashed); right scan (dotted).

The measured spectra of both arrays were clean and stable.
A slight increase of the noise in the spectrum was observed
in the two scanned positions of the main beam. The incre-
ase of the noise in the scanned positions is due to the ope-
ration close to the end of the injection locking range.

7. Conclusion

An active integrated antenna built by integrating a ne-
gative resistance transistor oscillator and a line impedance
transformer in a rectangular opening inside a rectangular
patch has been presented. This compact and low cost de-
sign showed very linear change of the oscillating frequency
with the dc bias voltage. A clean spectrum was observed in
the whole frequency tuning range. The radiation patterns
showed no degradation in comparison to a non-modified
patch. The cross-polarization levels in both E- and H-pla-
nes were low.

This active oscillating patch antenna has been used as
a building component for two two-element power combining
active arrays, one coupled in E-plane and the other coupled
in H-plane. The IE3D electromagnetic simulator package has
been used to optimize the distance between the array ele-
ments in order to obtain the desired phase of the coupling co-
efficient for in-phase operation and mutual injection locking.

Both arrays showed very good spatial power combining
efficiency. Symmetrical electronic beam scanning around
broadside was demonstrated for both arrays. Beam scanning
was achieved by changing the dc bias voltage of one of the
spatial oscillators in the array. In both cases stable operation
has been obtained for all scanned positions of the main
beam. The measured spectra were clean. A slight increase of

the noise in the spectrum, measured in the cases of scanned
beam positions, was observed. Measured cross-polarization
levels were low.
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