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1. INTRODUCTION
Semiconductor devices being important 
part of  modern microwave receiver and 
transmitter systems as active elements 
are characterized by high reliability, wide 
operation temperature range and possibility 
of  application in the monolithic and hybrid 
integrated circuits. The main problem of  the 
semiconductor devices is their output power, 
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Abstract. This paper summarizes the results of  investigations, conducted by authors on the so called 
“active microwave antennas” – the structures, in which microstrip antenna is connected with 
active semiconductor element without intermediate feeder. The most attention is focused to the 
processes of  microwave generation, particularly in the active antenna array. Active antenna, in this 
case antenna-oscillator (AO), looks as a planar log-periodic antenna, integrated with field-effect 
transistor at the dielectric substrate with metalized back side. Output microwave power of  single 
AO was 5-7 mW at the frequency near 20 GHz with efficiency up to 20%. The opportunity of  spatial 
power combining was studied for the linear and two-dimension arrays. It was shown, that during 
the operation of  two AOs with frequency difference less than 50 MHz mutual synchronization 
takes place, mostly due to the surface wave excitation in the dielectric substrate. Meanwhile for the 
effective power combining in two-dimensional array of  4 or more elements external signal source 
is necessary or special reflector can be used. Computer modeling and experimental study have 
shown that depending on the dielectric substrate thickness generation of  monochromatic, multi-
frequency or chaotic signals is possible with output both to the free space and to the waveguide 
structures.
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which dramatically decreases with increasing 
of  the operation frequency [1]. This problem 
can be solved by means of  power combing 
of  the multiple power sources, in particular 
the microwave oscillators, performed 
as a microstrip antenna, integrated with 
semiconductor active device, so called 
antenna-oscillator (AO). It is stimulated 
by the fact, that antenna sizes decrease 
with increasing of  the operation frequency 
and it becomes possible to place the two-
dimensional phased array of  AOs on the 
common dielectric substrate.

Design problems of  the microstrip AOs, 
integrated with semiconductor devices, and 
AOs arrays are considered in the number of  
papers and reviews [2-6]. The main efforts 
were focused on the interaction between 
antenna-oscillators for the most effective 
power combining [4]. The simplest way 
to realize AO is to use Gunn or IMPATT 
diodes, which are two-terminal devices 
and at the same time the self-oscillators, 
so antenna is used only as a load [7]. If  the 
transistor is used as an active device, it is 
necessary to provide a feedback for the 
excitation of  microwave oscillations. The 
scheme becomes more complicated, but 
the operation frequency range and power 
efficiency can be increased.

In this paper the results of  microwave 
generation and power combining are 
demonstrated for the microstrip active 
integrated antennas with field-effect 
transistors, including the opportunities of  
their operation in the multi-element arrays 
as microwave power sources.

2. ANTENNA-OSCILLATOR DESIGN
The antenna-oscillator consists of  the log-
periodic microstrip antenna with field-
effect transistor (FET), located on the 

dielectric substrate (Fig. 1). The “source” 
terminal of  the transistor is connected to 
the metallized substrate back side through 
the vias.

The advantage of  log-periodic type 
antennas is the wide operation frequency 
band, that allows to realize generation 
both in the single-frequency and multi-
frequency modes. Presence of  the metal at 
the substrate back side turns the antenna 
into the oscillatory contours with a high 
Q-factor. So far both the analytical theory of  
the log-periodic antennas [8], and numerical 
modeling [9] are developed. The distance 
between the antenna plane and metallization 
of  the back side plays an important role. The 
most effective generation is observed for 
h close to the quarter of  wavelength in the 
dielectric (Fig. 2).

 
Fig. 1. Log-periodic antenna with the FET: h – dielectric 

thickness; l – length of  the first antenna tooth.

 Fig. 2. Dependence of  the radiated power on the substrate 
thickness: 1 – calculation; 2 – experiment.
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Oscillations usually arise at the 
frequency determined by the first, longest 

tooth: 
1
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 where l is the 
tooth length, εd – dielectric permeability 
of  the substrate [8]. Furthermore, if  the 
transistor gain is enough, higher frequency 
oscillations corresponding to shorter teeth 
may occur at ( ) 1
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=  where n is a 
tooth number. The oscillation spectrum at 
frequency corresponding to the length of  
the first antenna tooth is presented at Fig. 
3. As one can see, the observed oscillation 
frequency (13.68 GHz), corresponds to 
the calculated value (13.8 GHz).

Mostly the packaged FETs with operating 
frequency of  20-25 GHz were used as active 
elements. Observed oscillation power was 
5-7 mW with the efficiency up to 20%.

3. SYNCHRONIZATION AND 
POWER COMBINING
Interest to the semiconductor AOs, as it 
was noted above, is considerably stimulated 
with possibility of  their coupling in the 
multi-element arrays, allowing to realize the 
spatial power combining. For this purpose it 
is necessary to provide frequency and phase 
synchronization of  the antenna-oscillators 
array, located at the common dielectric 

substrate. In this study two types of  arrays – 
linear and two-dimensional were investigated 
(Fig. 4).

Our experiments have proved that during 
the operation of  two AOs with oscillation 
frequency difference less than 50 MHz 
their mutual synchronization occurs. The 
synchronization can take place at bigger 
frequency dispersion if  the quantity of  AO 
in the array increases (Fig. 5).

As a result oscillation and radiation of  
the array is realized at a single frequency. 
Mutual coupling of  the oscillators is carried 
out mostly by excitation of  the surface 
waves in the dielectric substrate. The mutual 
synchronization bandwidth decreases 
dramatically when mutual coupling of  AOs 
through the substrate decreases. If  antennas 
are located linearly on the common substrate 
(a one-dimensional array) and the distance 
between centers of  the adjacent antennas is 
close to the wavelength in dielectric, mutual 
synchronization and power combining 

 
Fig. 3. A single-frequency oscillation spectrum. Tooth length 

l = 3.95 mm, d = 2 mm (0.15λ).

 
a)

 
b)

Fig. 4. AO arrays; a) linear 1х4; b) two-dimensional 2х2. 
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of  three and more oscillators occurs. This 
is confirmed by narrowing of  the total 
radiation pattern. However in the case of  
two-dimensional antenna array, despite the 
existence of  frequency synchronization, 
phase synchronization is not realized, and the 
wide or even multi-beam radiation pattern is 
formed (Fig. 6).

It is possible to realize the frequency 
and phase synchronization for a couple of  
independent oscillators by irradiation the 
array with an external signal. To investigate 
this opportunity the setup presented at Fig. 
7 was used.

Under the influence of  external locking 
signal the oscillation frequency of  single AO 
can be tuned in the frequency range up to 
400 MHz [10, 11]. The radiation power that 
is necessary for the synchronization is more 
than 10 times less than the power generated 
by AO.

Possibility of  external injection 
locking both mutual synchronized 
and independently operating AOs was 
investigated. In the case of  mutually 
synchronized AOs, the frequency range in 
which synchronization at the frequency of  
an external signal takes place, depends on 
the number of  AOs and the power flow 
density of  the external signal (Fig. 8). One 

 
Fig. 5. Spectrum of  the independently working AOs in the 
2x2 array (1-4); resulting spectrum of  mutually synchronized 

array (5).

 
Fig. 7. Measurement setup for the AO radiation pattern 

investigation.

 
Fig. 6. Radiation patterns of  the mutually synchronized 

2x2 and 1x4 arrays.

 
Fig. 8. Dependence of  locking frequency range on the external 
locking signal power flow density for separated AO (1) and 
linear arrays of  two (2) and three (3) mutually synchronized 

AOs.
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can see from the fig. 8 that with increasing 
of  the number of  operating oscillators the 
locking range of  external signal decreases 
and monotonously grows as the external 
power flow increases.

In the case of  simultaneous AO 
operation in the array and without 
mutual synchronization, the possibility 
of  external injection locking depends on 
many factors: number of  AOs, detuning 
of  their oscillation frequencies and power 
of  oscillation, arranging of  antennas, 
external signal power flow density [12]. 
For example, in the linear array of  two 
AOs external locking by the field with 300 
uW/cm2 power flow is observed when the 
self-oscillating frequency dispersion does 
not exceed 150 MHz (near the frequency 
of  16.5 GHz). It considerably exceeds 
admissible detuning of  frequencies when 
mutual synchronization takes place.

Evolution of  linear array radiation 
spectrum under the external signal 
injection is presented in Fig. 9. In the 
case given in Fig. 9a self-frequencies of  
three AO are located in the range of  250 
MHz and in the lack of  an external signal, 
due to coupling between oscillators, the 
asynchronous mode with multi-frequency 
oscillation spectrum is established. When 
the external signal is out of  the locking range 
the mutual synchronization is observed 
(Fig. 9b) and all antennas oscillate at the 
common frequency out of  the frequency 
of  external locking signal. The resulting 
radiation spectrum contains the common 
oscillation frequency (1), frequency of  
the injection signal (2) and combinational 
components. After tuning and entry of  
the injection signal into the locking range 
(~150 MHz) full synchronization of  all 

 
a)

 
b)

 

Fig. 9. Evolution of  3-element array radiation spectrum 
under the external synchronization: 1 – AO radiation 

frequency, 2 – external signal frequency.

c)
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AO array at the injection signal frequency 
(Fig. 9c) is observed.

At the Fig. 10 radiation patterns of  
4-element array for various cases of  
synchronization are shown.

Radiation pattern width at –3dB level (φ), 
peak radiation power in the maximum of  
radiation pattern (Pm) and the total radiation 
power (Р0) were measured. The results of  
radiation parameter measurement are shown 
in the Table 1.

2

0
0

4 1 ,m
a h

RP P
G G

π
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=  

 

where Gа and Gh are coefficients of  the 
antenna directivity and receiving horn antenna 
respectively; R is a distance between AO and 
the receiving antenna. Antenna directivity 
was calculated from the width of  the main 
lobe at the –3dB level in two planes passing 
through the array axis. Radiation patterns 

were measured in the plane passing through 
the array axis. Radiation pattern width in the 
orthogonal plane is equal to the width of  the 
single antenna pattern.

One can see from the data in Fig. 10 
and Table 1 that in the linear array partial 
narrowing of  the radiation pattern can take 
place even in the absence of  synchronization 
due to asynchronous interaction between 
AOs. However the radiation pattern is 
quite wide and its maximum shifts from 
the normal. Mutual synchronization allows 
to realize the power combining, and 
radiation pattern width narrows four times 
compared to the independently operating 
AO. Presence of  locking signal leads to 
additional narrowing of  the radiation pattern 
and growth of  the radiated power in the 
maximum. It can be related with change of  
the radiation pattern form for every single 
antenna-oscillator under the influence of  
synchronizing radiation. Radiation pattern 
of  the single antenna under the influence of  
synchronizing radiation signal is shown in 
Fig. 11. Considerable change of  the radiation 
pattern form can be caused by change of  the 
regime of  transistor operation and/or the 
impedance of  antenna.

 Fig. 10. Radiation patterns of  the array: 1 - AOs are not 
synchronized; 2 – mutual synchronization; 3 – external 

synchronization.

Table 1.
Antenna array radiation parameters in the various 

modes of synchronization
Radiation parameter φ, deg Pm, mW P0, mW 

Single AO 65 0.17 7

Array without locking 30 0.93 14.9

Mutual synchronization
of the array

17 1.44 13.7

External injection locking
of the array

13 1.9 14

 
Fig. 11. Radiation pattern of  single AO without external 

injection (1) and synchronized by an external field (2).
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To understand the reasons of  the 
considerable change of  the radiation pattern 
the model calculation of  electric energy 

4. SYNCHRONIZATION AND AOS 
POWER COMBINING IN THE 
OPEN CAVITY
Using of  the external injection locking is 
connected with considerable complication 
of  the set up since it needs the external 
source of  locking signal. Meanwhile 
placing of  the semitransparent dielectric 
mirror over the antenna array (Fig. 12), 
results in increasing of  AOs coupling 
and their mutual synchronization. Spatial 
power combining can be improved under 
the impact of  the signal reflected from the 
mirror, as like as it was noted in [13]. In 
this case discrepancy of  the AO oscillation 
self-frequencies can reach 150 MHz that in 
the absence of  mirror is possible only at 
the considerable power from the external 
locking signal source.

Investigation of  the AOs with 
semitransparent dielectric plate shows 
that presence of  the reflecting mirror 
considerably changes the radiation pattern 
(Fig. 13) and maximum of  the peak power 
is observed at the distance between antenna 
and mirror equal to 0.5λ. In some cases also 
the significant increasing of  total oscillation 
power is observed, and efficiency may reach 
30%.

 
Fig. 12. Placement of  the AO array in the open resonator 
with polycore semitransparent mirror (εr = 9.7; reflection 

coefficient = 0.26)

 
Fig. 13. Radiation patterns of  2х2 array under the 
conditions of  synchronization and power combining in the open 
resonator. 1 – no synchronization; 2 – mutual synchronization 
(discrepancy of  self- frequencies of  AOs Δf  ≤50 MHz); 3 
– in the open cavity with dielectric mirror (Δf  ≤150 MHz)

 a)

 
b)

 
c)

Fig. 14. Evolution of  the electric energy density distribution 
in the plane of  antenna and radiation: a) no mirror; b) mirror 

at the distance 0,2λ; c) mirror at the distance 0,5λ.
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density distribution in the log-periodic 
antenna plane was performed (Fig. 14).

Change of  the reflecting mirror location 
leads to change of  the radiated energy 
distribution in the antenna plane and, 
therefore, to change in the radiation pattern.

5. MULTI-FREQUENCY 
GENERATION IN THE AO
There is a possibility of  harmonic oscillations 
in the AO, based on the log-periodic antenna, 
due to the presence of  multiple oscillator 
circuits. Typical picture is shown at Fig. 15. 
The possibility and characteristics of  the 
oscillations depend on the transistor gain and 
its frequency dependence.

5.1. HIGH HARMONIC 
GENERATION
In order to obtain millimeter wave oscillations 
the non-packaged transistor (6 dB gain at 
40 GHz) and open microwave cavity were 
used. In this case, the radiation was carried 
out through the hole in the center of  the 
spherical mirror. Without cavity there were 
no oscillations at the first harmonic, because 
of  too small transistor gain. Otherwise, 
oscillations at the first and second harmonic 
frequencies were observed when the open 
cavity was used (Table 2).

Possibility of  the second harmonic 
generation is of  practical interest when there 
is no way to obtain oscillations at the desirable 
frequency in the first harmonic regime 
because of  too small transistor gain [14].

5.2 CHAOS GENERATION
Some essential features of  the AO’s spectrum 
appears at small substrate thicknesses (0.1-
0.03)λ. In [15] it is mentioned that for a 
significant shift from the quarter wavelength 
thickness of  the substrate AO generation 
becomes unstable. Several samples with 

 
Fig. 15. Multi-frequency oscillations in AO.

Table 2.
Oscillation power on the first (I) and second (II) 

harmonic

Sample
Calculated frequency, 

GHz
Measured frequency, 

GHz
Measured power, mW

I harm. II harm I harm. II harm. I harm. II harm.

1 22 44 22 42 0.8 0.14

2 32 64 36 58 1 0.1

 
a)

 b)
Fig. 16. Switching from multi-frequency (a) to chaotic (b) 

generation.
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different dimensions were fabricated to 
study the effect of  switching to unstable 
generation. Stable single frequency generation 
was observed at thicknesses of  (0.15-0.25)λ. 
At smaller substrate thickness (0.06λ) single 
frequency generation was absent but the 
chaotic one was observed (Fig. 16).

Multi-frequency generation with 
discrepancy 50 MHz between spectral 
lines was observed. With small changes in 
the transistor bias voltages one can switch 
generation to the chaotic regime.

Bandwidth of the chaotic generation was about 
200 MHz (about 3% of the center frequency). The 
signal is not really chaotic, so it’s autocorrelation 
function has some side spikes (Fig. 17).

6. MICROSTIP ANTENNA-
OSCILLATOR WITH SUBSTRATE 
INTEGRATED WAVEGUIDE 
OUTPUT
So far, we have mostly considered the output 
radiation in the open space. However, for 
many applications it is necessary to direct 
the output radiation into the waveguides 
for processing. The feasible design for the 
integration with antenna-oscillator is the 
substrate integrated waveguide (SIW).

Substrate integrated waveguide is a 
transmission line, which consists of  the dielectric 

substrate bounded by two parallel metal plates 
and two rows of  metal cylindrical passages 
(holes) providing the equipotential surface. Fig. 
18 shows the main parameters of  the waveguide 
integrated into the substrate: p – distance 
between holes, d – hole diameter, h - thickness 
of  the substrate, w - width of  the waveguide, εr - 
relative permittivity of  the substrate [16].

Attention has been paid to this design 
last few years due to the increased packing 
density of  the components on the printed 
circuit boards and the need to reduce the 
mutual influence of  feeder lines. In our case 
this feed line type is also preferred to simplify 
the excitation process. By its parameters, this 
design is close to the rectangular metallic 
waveguide filled with dielectric, but it also has a 
frequency selectivity that is typical for periodic 
structures. Advantage of  this technology - the 
possibility to integrate all components on the 
single substrate including passive components, 
active components and antenna [17].

6.1 DESIGN OF THE ANTENNA-
OSCILLATOR, INTEGRATED WITH 

 
Fig. 17. Autocorrelation function of  the “chaotic” signal.

 Fig. 18. Substrate integrated waveguide.

 
Fig. 19. Design of  active antenna integrated with SIW 

structure.
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SIW
The following design (Fig. 19) is proposed 
to evaluate the effectiveness of  the above-
described active antenna with SIW structure. 
Log-periodic antenna (transmitter) is located 
on the one side of  dielectric substrate and 
is integrated into the SIW structure with 
corresponding characteristics. SIW structure 
consists of  two dielectric substrates with 
metalized sides and transitional conducting 
holes. Active device (transistor) is located on 
the external side of  the SIW and conducting 
wires are connected to the antenna petals.

Thus, the antenna is placed into the closed 
cavity, which is connected with substrate 
integrated waveguide.

6.2. SIMULATION OF THE 
FIELD DISTRIBUTION IN THE 
STRUCTURE
Widespread transmission line matrix 
(3D-TLM) method was used to carry out 
the simulation of  the field distribution in 
the structure [18]. From the results of  the 
computer simulation (Fig. 20) it is obvious 
that significant microwave power at 15 GHz 
(fundamental waveguide mode) transfers 
from the cavity into the waveguide.

To evaluate the output power bevel of  
the dielectric edge was made that allows to 
decrease the reflection losses in the transfer to 

rectangular metallic waveguide. The measured 
power at the output of  the metallic waveguide 
was about 1 mW, that is comparable with the 
power, radiated to the free space by the same 
single antenna-oscillator. 

7. CONCLUSIONS
1. Microstrip log-periodic antenna 

integrated with FET is an effective 
microwave oscillator. There are 
several oscillation modes: single 
frequency, multi-frequency and 
chaotic oscillations. AO is a miniature 
integrated unit and can be used 
as a portable microwave source 
for a wide range of  applications.

2. Array of  AOs, located on the 
same substrate, can be mutually 
synchronized due to the wave 
interaction via the substrate or 
with external synchronizing signal.

3. Semitransparent mirror located in 
front of  the AO array increases 
mutual synchronization bandwidth. 
As a result the output power increases 
and radiation pattern narrows. 

4. Microstrip antenna-oscillator, 
integrated with SIW structure, 
provides an effective radiation output 
into the dielectric or hollow metal 
waveguides. So the integration of  
such structures (including arrays) 
into the multi-functional radio-
electronic units can be performed. 

5. Microstrip antenna oscillators can be 
used as portable sources of  microwave 
radiation particular in medical applications 
[14]. Of  particular interest is to use them 
in the millimeter wave set up. In this 
case, due to the small antenna size, they 
can be manufactured in the form of  
the monolithic integrated circuits [19]. 

 
Fig. 20. Distribution of  energy in the SIW, integrated with 

AO.
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