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Abstract—In this work, a polarisation agile active an-
tenna with phase shifter elements based on Injection
Locked Third Harmonic Self Oscillating Mixers is pre-
sented. This phase shifting topology provides the dou-
ble functionality of continuous range phase shifter and
downconverter. The phase shift value introduced by each
circuit can be easily tuned through a DC voltage within
a theoretical continuous range of 450◦. The behaviour
of the isolated phase shifter circuit is studied, both as
a function of the control voltage and versus frequency,
through harmonic balance and envelope transient simula-
tions. The polarisation tuning performance of the complete
active antenna is simulated, analysing the impact of the
operating parameters of the phase shifter on the overall
behaviour. A receiving polarisation agile antenna with an
input frequency band centred at 11.25 GHz and an output
frequency band centred at 1.5 GHz has been manufactured
for the experimental validation of the simulated results. A
continuous range of polarisation tuning has been observed,
including two orthogonal linear polarisations along with
left hand and right hand circular polarisation.

Index Terms—polarization, receiving antennas, mi-
crostrip antennas, microwave phase shifters, injection
locked oscillators.

I. INTRODUCTION

RECONFIGURABLE antenna implementations
have become widespread in recent years, owing

to their capability to dynamically adjust some of
their properties to the requirements of each particular
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scenario. In this context, polarisation agility is an
interesting feature for an antenna, since it simplifies the
implementation of frequency reuse techniques, which
can nearly double the channel capacity, and allows a
good polarisation matching between transmitter and
receiver. Furthermore, as polarisation diversity has
proven to be as effective as spatial diversity to mitigate
the detrimental multipath fading, both in indoor [1] and
outdoor [2], [3] environments, polarisation agile antenna
topologies provide substantial implementation size and
cost reductions.

Several works on polarisation agile antennas have been
presented in the bibliography. Some passive topologies
enable the selection of a discrete number of polarisation
states by altering the antenna layout through solid state
[4], [5], or piezoelectric [6] switches. Others implement
a continuous range of polarisation tuning by attaching
varactor loads to the radiating patch [7].

Most of the active topologies available in the literature
rely on feeding two orthogonal linearly polarised radiat-
ing modes of the antenna with the same original signal,
conveniently modified through phase shifting circuitry,
in order to provide the polarisation tuning capability.
Phase shifting solutions based on a single oscillator
circuit injection locked at the first harmonic component
of the oscillation, enable a theoretical phase shift range
limited to 180◦ [8]. This phase shift range can be
doubled by feeding each of the radiating modes with an
independent oscillator, providing any kind of coupling
between the circuits is avoided [9]. Mutually coupled
topologies maintain the same 180◦ theoretical phase shift
range, which can be doubled, as in [10], by extracting
the second harmonic component of the oscillation. These
theoretical ranges are generally reduced in the presence
of noise to about 15% smaller experimentally observable
phase shift ranges. Moreover, due to the appearance of
noise precursors when operating close to the limits of the
synchronisation range [11], the usable phase-shift range
is generally further reduced to approximately 70% of the
theoretical range.
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With regard to receiving topologies, the phase shifting
functionality can be attained through a mixing operation
between the conveniently phase shifted self oscillation
signal, (or one of its harmonic components), and the
input signal. The architecture used in this work is based
on an Injection Locked 3rd Harmonic Self Oscillating
Mixer (IL3HSOM) [12], in which the output signal is
generated through mixing the input signal at frequency
fin, with the third harmonic component at frequency 3f0

of the HSOM self oscillation fundamental frequency f0.
As a result of this operation, a downconverted signal at
fIF = fin − 3f0 is obtained in a single stage [12], with
the desired phase shift within a theoretical range of 540◦

(which assures a usable range of at least 360◦).
In this paper, a receiving polarisation agile microstrip

antenna is presented. The wide phase shift range pro-
vided by the IL3HSOM based phase shifters, enable the
antenna polarisation tuning within a continuous range,
comprising two orthogonal linear polarisations and both
left hand and right hand circular polarisation (LHCP and
RHCP). Additionally, another two linear polarisations
might be produced by activating only one circuit at a
time. However, these are not considered in this work
since the received power would be halved, as it would
be with any other of the available polarisations.

The paper is structured as follows. In Section II, the
proposed topology is introduced and the individual per-
formance of its important parts is studied. In Section III,
the polarisation tuning capabilities of the complete active
antenna solution are simulated (using Advanced Design
System), for different operating conditions of the phase
shifter circuits. In Section IV, the experimental results
obtained with the manufactured receiving polarisation
agile antenna are shown.

II. POLARISATION AGILE ANTENNA BASED ON

IL3HSOM
A. Topology of the Polarisation Agile Antenna

The topology of the receiving polarisation agile an-
tenna is shown in Fig. 1(a). A two port Aperture Coupled
Patch Antenna (ACPA), couples the power received in
each of its two orthogonal linearly polarised fundamental
modes, at fin = 11.15 − 11.35 GHz, onto one of
its output ports, which deliver these signals to two
IL3HSOM based phase shifters. Both IL3HSOM circuits
are injection locked to an external signal of power Ps,
frequency fs = 3.25 GHz and phase φs, through a
Wilkinson power divider, providing equal power and
phase in both branches (Ps1 = Ps2 and φs1 = φs2).

Using the techniques presented in [13]–[15], the
IL3HSOM circuits have been optimised to provide maxi-
mum conversion gain (Gci

= PIFi
/Pini

, i ∈ {1, 2}) in

(a)

(b)

Fig. 1. (a) Topology of the polarisation agile antenna. (b) Circuit
diagram of the IL3HSOM based phase shifter.

the input frequency band at fin = 11.15−11.35 GHz, for
the mixing operation fIF = fin − 3f0. The phase shifts
introduced by the IL3HSOM circuits at intermediate
frequency, with respect to the external phase reference
(∆φi = φIFi

− φs, i ∈ {1, 2}), can be separately
controlled through two DC signals, enabling the polarisa-
tion tuning capability. Low power samples of the output
signals of both circuits are extracted through microstrip
directional couplers for phase shift monitoring purposes.
The sampled signals are simultaneously measured with
two Agilent 89600 Vector Signal Analysers (N8201A
- N8221A). The output signal of the polarisation agile
antenna is obtained through a Wilkinson combiner and
measured with the vector network analyser of the ane-
choic chamber measurement setup, which is explained
in Section IV.

In order to prevent detrimental reductions in the phase
shift ranges of the IL3HSOM circuits and to assure
their independent performance, mutual coupling between
them at the harmonic components of the self oscillation
frequency, (Nf0, N = 1, . . . , 8), must be avoided. The
required isolation levels through the input and output
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ports are achieved by filtering, taking advantage of the
fact that none of these harmonic components falls into
either the input or output frequency bands. Mutual cou-
pling through the synchronisation port at the harmonic
components (Nf0, N = 2, . . . , 8) is avoided by the
bandpass filter centred at fs = f0. The Wilkinson divider
is designed to feature high isolation levels, so that the
synchronisation signal for both circuits is exclusively
determined by the external generator.

B. Two Port Aperture Coupled Patch Antenna

The antenna, as depicted in Fig. 2(a), consists of a
square patch designed in the bottom layer of a 0.762
mm thick ARLON 25N substrate (εr = 3.38 and tan δ =
0.0025 at 10 GHz) and placed inverted on top of a 2.6
mm thick foam layer (εr = 1.07 and tan δ = 0.0041 at
10 GHz). The power received in each of the two orthogo-
nal linearly polarised fundamental modes of the patch is
electromagnetically coupled through two perpendicular
slots etched in the ground plane of the distribution
network, onto the microstrip transmission line connected
to one of the output ports. These transmission lines are
designed to have a 90 degree difference in electrical
length, in order for the output signals to be in phase
when the incident radiation presents right hand circular
polarisation.

A prototype of the antenna has been manufactured and
measured. An impedance matched frequency band (Sii <
−10 dB, i ∈ {1, 2}) from 10.5 to 12 GHz is obtained,
as shown in Fig. 2(b). High isolation levels between the
ports (S12 < −30 dB), are observed throughout the same
band.

C. Performance of the IL3HSOM based phase shifters

The circuit topology of the IL3HSOM is shown in
Fig. 1(b). The series feedback at the source terminal of
the ATF36077 transistor is designed to produce negative
resistance at the gate port. The component at interme-
diate frequency resulting from the mixing operation is
selected through a bandpass filter at the drain port and, as
a reference for the phase shifting functionality, a signal
of frequency fs and power Ps is injected through the
synchronisation filter at the gate port. A varactor diode
connected to the series feedback network provides the
phase shift tuning capability.

For different operation conditions, the injection locked
solutions of the IL3HSOM circuit are obtained using
the techniques presented in [12], based on the use of
an auxiliary generator in harmonic balance and envelope
transient simulations. At the centre frequency of the input
band finc

= 11.25 GHz, the synchronised solutions

(a)

(b)

Fig. 2. (a) Structure of the two port aperture coupled patch antenna.
Dimensions in millimetres. (b) Measured scattering parameters of the
two port ACPA.

for both the conversion gain Gc, and the phase shift
introduced by the circuit at intermediate frequency, with
respect to the external phase reference ∆φ = φIF − φs,
have been calculated as a function of the control voltage
Vc. The results for three different synchronisation power
levels are shown in Fig. 3. The traces in dashed line
correspond to harmonic balance simulations and repre-
sent mathematical solutions of the system. However, only
a limited range of these solutions are stable and thus,
experimentally observable [12]. For values of the control
voltage outside the stable ranges, which are determined
using envelope transient simulations and indicated in
solid line, the frequency of oscillation is no longer locked
to that of the synchronisation signal and it starts to vary
with the control voltage.

The conversion gain is slightly dependent on the
control voltage (Fig. 3(a)) and, although this dependence
increases with the synchronisation power Ps, it is not
significant for most applications since, in the worst case
(Ps = −30 dBm), its variation range remains below 0.7
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(a)

(b)

Fig. 3. Injection locked solutions of the isolated IL3HSOM circuit
for three different synchronisation power levels Ps, as a function of
the control voltage Vc, for (a) the conversion gain Gc, and (b) the
phase shift at intermediate frequency ∆φ. The stable and unstable
regions determined through envelope transient simulations [12], are
also indicated.

dB. By tuning the varactor control voltage Vc, the phase
shift ∆φ can be controlled within a stable range of about
450 degrees (Fig. 3(b)). Even though the sensitivity to the
control signal is higher for lower synchronisation power
levels, the stable range of variation is approximately the
same for the three studied cases.

Hence, the phase shift introduced at the centre fre-
quency ∆φ(finc

), can be arbitrarily selected within the
synchronisation ranges through the varactor bias voltage.
However, once ∆φ(finc

) is fixed at a specific point,
the phase shifts introduced at other frequencies can-
not be controlled, as they are determined by the fre-
quency response of the circuit. For three synchronisation
power levels, this frequency response has been calculated
through harmonic balance and envelope transient simu-
lations, considering seven different phase shift values set
at the centre frequency ∆φ(finc

), uniformly distributed
throughout the corresponding stable ranges (Fig. 3(b)).

The frequency response of the conversion gain Gc,
is represented in Fig. 4(a). For higher synchronisation
power levels, a stronger variation is observed, both
with frequency and with the operation point selected

(a)

(b)

Fig. 4. Frequency response of the IL3HSOM circuit for three
different synchronisation power levels and for seven working points,
uniformly distributed throughout the stable ranges (a) Conversion
gain. (b) Phase deviation Dφ, as defined in (1).

(∆φ(finc
)), especially when approaching the limits of

the input frequency band. In order to simplify the
comparison between the multiple traces represented,
the phase deviation Dφ has been defined in (1). The
first term of the equation is the actual frequency re-
sponse of the circuit, for the different control voltages
Vc considered. By subtracting the second term (the
phase shift value established at the centre frequency
∆φ(finc

, Vc, Ps), for each different trace), the offset
between traces is eliminated, putting them together at
the centre frequency.

Dφ(f, Vc, Ps) =∆φ(f, Vc, Ps)−∆φ(finc
, Vc, Ps) (1)

− L(f, Ps) + L(finc
, Ps)

Due to the propagation throughout the circuit, the
phase response presents the characteristic strong slope
as a function of frequency which, in this case, conceals
the small differences between the traces. Thus, for each
of the considered synchronisation power levels, the linear
least squares fitting of the trace corresponding to the cen-
tre of the stable phase shift range (Fig. 3(b)), L(f, Ps),
is calculated to cancel out this slope. The last term of
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(1) sets the deviation to zero at the centre frequency
(Dφ(finc

, Vs, Ps) = 0).
As shown in Fig. 4(b), the phase deviation Dφ also

increases its variation, both with frequency and with
the operation point selected (∆φ(finc

)), for higher syn-
chronisation power levels. The impact of the frequency
performance of the circuit on the present application is
studied in the next section.

III. POLARISATION TUNING PERFORMANCE OF THE

ACTIVE ANTENNA

The polarisation tuning capability is attained by intro-
ducing a relative phase shift between the signals present
at the output ports of the antenna. According to the
antenna layout outlined in Fig. 2(a), the component
corresponding to the fundamental mode polarised along
the x axis, Vx, undergoes a 90 degree phase delay with
respect to the other, Vy, in order to obtain circular polar-
isation when both components are combined in phase.
The theoretical evolution of the antenna polarisation
when an additional phase shift α is introduced in the
Vx component (Vout = gxVxej(α−90) + gyVy), is shown
in Fig. 5 in terms of its Axial Ratio (AR), as expressed in
(2), assuming both components are combined with equal
voltage gain (gx = gy = 1).

AR = cot

∣∣∣∣∣
1
2

arcsin

(
2gxgy

g2
x + g2

y

sin(α− 90)

)∣∣∣∣∣ (2)

The Axial Ratio is defined as the relationship between
the major and the minor axes of the polarisation ellipse
of the plane wave propagating along the +z direction,
that results in maximum available power at the antenna
global output [16].

Fig. 5. Theoretical evolution of the antenna polarisation when a
phase shift α is introduced in the Vx component (in addition to the
90 degree delay caused by the feeding network layout).

When both components are combined in phase (α =
0◦), the axial ratio drops to zero, corresponding to right
hand circular polarisation (RHCP). The axial ratio is

likewise zero for α = ±180◦, obtaining left hand circular
polarisation (LHCP). For α = 90◦ and α = −90◦,
two linear polarisations (AR > 30 dB) are achieved in
the ϕ = +45◦ and ϕ = −45◦ directions respectively
(hereafter referred to as LP+ and LP−).

The behaviour of the complete active antenna topol-
ogy, as shown in Fig. 1(a), has been simulated for
three different values of the synchronisation power Ps.
The control voltage of HSOM1, Vc1 , has been swept
throughout its stable range (Fig. 3(b)), while keeping
HSOM2 working at the centre point, which replicates the
theoretical case studied above. In Fig. 6(a), the evolution
of the axial ratio as a function of the control voltage Vc1 ,
has been represented. As the phase shift ∆φ produced
by the IL3HSOM circuits is a monotonically increasing
function of the control voltage (Fig. 3(b)), the peaks
and minima in this case represent the same polarisation
states indicated in Fig. 5. For each of the synchroni-
sation power levels considered, the performance at six
frequency points, uniformly distributed throughout the
input band (fk = 11.11 + 0.04k GHz, k = 1, . . . , 6),
have been displayed.

(a)

(b)

Fig. 6. (a) Variation of the axial ratio at the centre of the input
frequency band (finc = 11.25 GHz), as the control voltage Vc1 is
swept, while keeping HSOM2 working at the centre point. For each
synchronisation power level, the behaviour at six points of the input
frequency band is displayed. (b) Variation of the axial ratio over
frequency for the working points specified in the legend.
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Both circular polarisations are successfully obtained
(AR < 3 dB), for all the synchronisation power levels
and at all the frequency points considered. With linear
polarisations, on the other hand, due to their higher
sensitivity to the phase shift (Fig. 5), a somewhat more
frequency selective response is observed. This is espe-
cially apparent for Ps = −30 dBm, where both linear
polarisations (AR > 30 dB) are only achieved at some
frequencies. For the two lower synchronisation power
levels (Ps = −35 and Ps = −40 dBm), LP− is stable
for all the considered frequency values, whereas for
LP+, the axial ratio drops below the 30 dB threshold
at some point. The behaviour for Ps = −40 dBm has
been magnified in the first inset of Fig. 6(a), showing
peaks at two successive Vc1 values, which take place
at different frequency points (Fig. 6(b)). This suggests
the existence of an intermediate working point between
those two, providing higher axial ratio levels, together
with a better frequency performance.

The variation of the axial ratio over frequency is
shown in Fig. 6(b). Since the circular polarisations
have been found to be stable in the input band (Fig.
6(a)), only the linear ones, corresponding to the working
points specified in the legend, have been represented. For
Ps = −40 dBm, the behaviour at the two successive Vc1

values corresponding to LP+ have been included, show-
ing linear polarisation in two different frequency ranges.
The most limited frequency performance is observed for
Ps = −30 dBm. The polarisation LP− is maintained
along the input band for the two lower synchronisation
power levels, whereas for LP+, the axial ratio drops
below 30 dB at some point within this band.

In conclusion, the performance of the IL3HSOM
based phase shifter circuit is more stable over frequency
for lower values of the synchronisation power, as dis-
cussed in Section II-C, leading to potentially wider po-
larisation bandwidths. Nevertheless, since the phase shift
can be varied within a continuous range, the working
point selected also has an important impact on the fre-
quency performance, especially for linear polarisations.

IV. EXPERIMENTAL RESULTS

In order to validate the simulated results, the proposed
polarisation agile active antenna has been manufactured
and assembled following the topology of Fig. 1(a). Due
to the fact that the signal received by the antenna is
internally downconverted, obtaining its output at inter-
mediate frequency, the anechoic chamber measurement
setup shown in Fig. 7, was needed to evaluate the
global performance of the system (polarisation tuning
capabilities, radiation patterns, . . . ).

A horn antenna with high polarisation purity, fed by
an external Signal Generator (SG), is used to transmit a
tone in the input frequency band fin = 11.15 − 11.35
GHz. Another external signal generator provides the
synchronisation signal at frequency fs to the active
antenna, which is mounted on the azimuthal positioner.
The output of the system at intermediate frequency is
measured by a vector network analyser, which is trig-
gered by the positioning control system. The sampled IF
output of each IL3HSOM circuit is separately monitored
by an Agilent 89600 Vector Signal Analyser (N8201A
- N8221A). All the measurement and signal generation
equipment is synchronised through a 10 MHz pilot
signal, which provides a common frequency reference.

Fig. 7. Measurement setup in the anechoic chamber.

The polarisation state of the active antenna is evalu-
ated by registering the relative power received at the IF
output, while the transmitting horn is rotated about its
longitudinal axis. This procedure is repeated for different
operation points as the control voltage Vc1 is swept
throughout the synchronisation range. Since simulations
showed a better performance for lower values of the
synchronisation power, these measurements have been
carried out for Ps = −35 and Ps = −40 dBm. For the
centre frequency of the input band (finc

= 11.25 GHz),
the relative IF power measured at the output of the active
antenna is shown in Fig. 8, as a function of the control
voltage Vc1 and the polarisation angle of the transmitting
horn. For the sake of clarity, only a representative group
of the measurements carried out has been represented in
this figure.

The axial ratio, measured at the centre frequency of
the input band, as a function of the control voltage is
shown in Fig. 9(a) for Ps = −35 and Ps = −40 dBm.
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(a)

(b)

Fig. 8. Relative IF power measured at the output of the active
antenna at the centre frequency of the input band (finc = 11.25
GHz), as a function of the control voltage and the polarisation angle
of the probe for: (a) Ps = −35 dBm. (b) Ps = −40 dBm.

A small deviation on the performance of the manufac-
tured HSOM circuits has been found, producing stronger
variations of the conversion gain with the control volt-
age, especially at the upper end of the synchronisation
range. Although, as a consequence of this deviation,
the second left hand circular polarisation observed in
simulation (corresponding to the higher value of the
control signal), is not reached in measurement, all the
desired polarisations have been successfully attained.
Furthermore, note that, for this experimental setup the
second HSOM circuit has been kept at a fixed working

point and therefore, a double phase shift tuning range is
available.

(a)

(b)

Fig. 9. Measurement of the axial ratio for Ps = −35 and Ps = −40
dBm. (a) As a function of the control voltage Vc1 at the centre of
the input frequency band (finc = 11.25 GHz). (b) As a function of
frequency for LP− and LP+ (upper subfigure), and for RHCP and
LHCP (lower subfigure).

The variation of the axial ratio over frequency is
represented in Fig. 9(b) for the two orthogonal linear
polarisations (LP+ and LP−), and for RHCP and LHCP.
Unlike in the simulation, the values of the control signal
Vc1 have been carefully selected to produce the best pos-
sible frequency performance. Both linear polarisations
are maintained over almost the whole input frequency
band for both synchronisation values, although a slightly
wider bandwidth is observed for Ps = −40 dBm.

The stronger variation in the conversion gain of the
practical circuits mentioned earlier, has a greater impact
on the circular polarisations, which present a poorer
frequency performance. The polarisation bandwidth is
reduced with respect to the simulated results, although
for Ps = −40 dBm, the axial ratio remains below the 3
dB threshold throughout a substantial part of the band.

The radiation pattern of the active antenna at finc
=

11.25 GHz, has been measured by rotating it about
the azimuthal angle θ, while the polarisation of the
transmitting horn is oriented in the ϕ = 45◦ direction.
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Fig. 10. Radiation pattern of the active antenna at finc = 11.25
GHz, for LP+ and RHCP and for two synchronisation power levels,
measured with the polarisation of the transmitting oriented in the
ϕ = 45◦ direction.

The results are displayed in Fig. 10 for two different
synchronisation power levels.

V. CONCLUSION

A receiving polarisation agile active antenna based
on injection locked third harmonic self oscillating mix-
ers has been presented. The multifunctional IL3HSOM
circuits have proven to be an interesting phase shifting
solution, providing efficient integrated signal downcon-
version, which enables the implementation of compact,
low cost and low power consuming receiving systems.
The proposed topology enables the polarisation variation
in a continuous range, comprising two orthogonal linear
polarisations along with left hand and right hand circular
polarisation. The frequency performance of the complete
system has been studied, observing a better behaviour
for lower synchronisation power levels. The simulated
results have been validated by measurements of the
manufactured prototype, obtaining a good agreement.
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