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Abstract: The design and construction of an upgraded HF quarter-wavelength two-dipole active
array with 90◦ difference feed was implemented in the course of a research project to perform a
directional (azimuthal) investigation of interference at HF. The lack of affordable compact antennas
to meet the project requirements was the incentive to develop a compact unidirectional antenna, with
the maximum possible front-to-back ratio at frequencies of 20–30 MHz, where the dimensions of
traditional passive antennas are enormous. By installing a low-noise very-high-input impedance
amplifier in each dipole of the array, the effect of the mutual coupling between the two dipoles was
reduced, improving the front-to-back (F/B) ratio over a wide frequency range. Electronic steering,
easy polarization adjustment, and fast and easy deployment were the key requirements for the
construction of the antenna. Therefore, a light and compact design was of the utmost importance to
meet the space limitations at the monitoring site, which did not allow the deployment of a traditional
HF directional antenna that employs a very long boom and elements.

Keywords: phased array; active dipole; front–back ratio; bandwidth; radiation pattern

1. Introduction

In the context of radio-interference mitigation in the HF spectrum, it is important to
monitor HF spectral occupancy characteristics on a systematic basis, which can facilitate
the development of relevant prediction models [1–3]. In the course of a research project
to characterize the HF interference environment over the eastern Mediterranean region,
the design and development of phased arrays, in the form of HF quarter-wavelength
two-dipole active phased-array antennas with 90◦ phase difference feeds, was undertaken
in an effort to incorporate an azimuthal dimension in the existing measurement system [4].
The phased arrays have been developed and optimized under certain specification re-
quirements, such as limited array size, and the demand for electronic rotation capability.
The drawbacks and weaknesses of other traditional arrays’ performance, derived from
literature review and antenna design principles, have been considered. For example, two
very widely used configurations, Yagi-Uda and log-periodic directional antennas, are
usually considered for directional monitoring in HF [3]. The log periodic is an excellent
broadband antenna that is traditionally used for monitoring HF signals. It is constituted by
end-fire half-wave resonance dipoles, installed side by side at the proper distance along a
boom. To operate across the entire HF band with low VSWR, many dipoles installed on
a heavy long structure are required [4]. Therefore, an HF log-periodic antenna must be
installed on a very stable mast. Furthermore, a heavy-duty rotator is required for steering.
Another popular HF monitor antenna is the Yagi-Uda, but with a narrower band response
compared to the log periodic [5]. Even a multiband Yagi-Uda antenna that employs traps
to operate in several wavelengths across the HF band has a much inferior VSWR response
than the log-periodic antenna. The Yagi-Uda antenna’s mechanical specifications are also
characterized by their long boom and very heavy structures. On the other hand, phased
arrays can be constructed more compactly than the Yagi-Uda and log-periodic antennas
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because they consist of driven elements whose phase difference does not depend on their
size. For example, the passive phased array, which is very widely used in the HF and
in other bands, is a quarter-wavelength two-vertical-monopole array, with a 90◦ phase
difference feed [5–7]. This array can produce a directional pattern with a very high F/B
ratio but only under certain conditions. For instance, constructing the array without taking
into account the effect of mutual coupling between the two driven elements produces an
array radiation pattern in real conditions quite different from the simulated one based
on Equation (6) below [5]. This occurs because the mutual coupling disturbs the phase
difference between the two driven elements as well as their current balance, as it is dis-
cussed later. A traditional method to compensate for the effect of mutual coupling, but
only at a certain frequency of operation, is to adjust the phasing of the array’s elements by
lumped-element phase shifters or delay lines. Another approach is to fine tune both driven
elements to a 50 Ω purely resistive impedance to ensure 0◦ phase shift between the voltage
and current. Furthermore, the current magnitudes can be balanced by adjusting the length
and the distance between the two driven elements [8–10]. For all these reasons, a passive
phased array is not suitable for broadband operation and radiation patterns, as simulated
in ideal conditions and discussed in the next chapter. For an F/B ratio broadband response,
the phase difference and the current balance of the two driven elements of the array should
be kept as undisturbed as possible throughout the entire frequency operating range. This
has been implemented by the use of a very-high-input-impedance, two-stage, low-noise
amplifier, which has been installed in each of the two driven elements of the array. The
innovative aspect of this approach centres on the mutual coupling isolation that enables
a compact array to operate over a wide range with a high sensitivity and F/B ratio. This
linear directional antenna is very compact and light and does not require a boom. It can
be programmed to steer at the desired direction by the use of a traditional relay switch.
The array can be installed in a vertical or horizontal configuration as it employs elements
with short size dimensions. Therefore, this HF active phased array has been designed
and developed for monitoring sites that do not allow the deployment of a traditional
HF directional antenna with a very long boom and elements. In Section 2, we discuss
the underlying principles of the phased array; in Section 3, we provide information on
specific design considerations and provide preliminary testing results; and in Section 4, we
conclude the paper.

2. Theoretical Model of the Antenna Array

Without minimizing the mutual coupling between the two driven elements of a
traditional quarter wavelength phased array with 90◦ phase difference feed may cause
a serious deviation from the expected specifications. For the aforementioned, this fact is
manifested in the different simulated and real radiation patterns as discussed below. It can
be demonstrated by modelling the array first in ideal conditions by assuming that both
driven elements maintain a 50 Ω constant impedance across the entire band, as illustrated
in the equivalent circuit in Figure 1. The two driven elements of the array are denoted by
the two equal unity voltage sources V1 and V2, both of which have a 50 Ω purely resistive
impedance. Furthermore, both antennas are connected to a 90◦ hybrid that employs three
ports of a 50 Ω purely resistive impedance and acts as a beamformer.
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At the input ports of the hybrid illustrated in Figure 1, V1 and V2 can then be expressed
by Equation (1), where A is the sum of their voltages at the output of the 90◦ hybrid:

A =

√
(1 + cos90)2 + (sin0 + sin90)2 =

√
2 (1)

The current magnitudes I1 and I2 can be computed by the use of Kirchhoff’s law,
where R1 and R2 are the 50 Ω output impedance of each driven element that is terminated
at the 50 Ω input ports of the combiner, as given by Equations (2) and (3) below:

V1 = I1 (R1 + 50) (2)

V2 = I2 (R2 + 50) (3)

Since currents I1 and I2 are of identical magnitude, the radiation pattern of the array
(assuming that the two driven elements are isotropic radiators) can be plotted by adding
vectors using Equations (4) and (5), which have been derived from Figure 2 as follows:

Ψ =
π

2
sinθ + ∆Φ (4)

AF =

√
(1 + cosψ)2 + (sinψ)2 (5)

where:

AF = Array factor
θ = The radiation angle
d = π

2
∆Φ = The phase difference feed
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Figure 2. The geometry of A and B phased-array isotropic radiators.

According to Kraus [10], the normalized value of the total field of two isotropic sources
referred to as the ‘array factor’ can also be expressed by Equation (6) as follows [6]:

E =
sin(2ψ/2)
2sin(ψ/2)

(6)

Under the condition that both driven elements have a 50 Ω purely resistive impedance
and a constant 90◦ phase difference feed across the desired band, the only parameter that
affects the array’s radiation pattern, based on the above given equations, is the element’s
spacing because varies according to the wavelength which the antenna is tuned. It is
illustrated in Figure 3, where the radiation patterns of two isotropic sources spaced from
0.05 λ to 0.5 λ with a 90◦ phase difference feed have been simulated. The radiation patterns
below have been simulated at different wavelengths using Equations (4) and (5) in order
to determine the range at which the array has a usable F/B. In this regard, the mutual
coupling between the two elements of the array has not been considered as it affects the
active impedance of the array’s driven elements and consequently the array factor, as
discussed in the next section.
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difference feed.

It is important to note that the value of the self-impedance of an isolated driven element
changes under the following conditions. Particularly, according to Balanis, it is defined as
the active impedance when two driven elements which are excited installed side by side
as a phased array [11–14]. The mutual resistance and reactance for the case of two parallel,
side-by-side antennas, as a function of spacing, was also demonstrated by Kraus. It is based
on the integral equation method presented by King and Harrison and by Tai [15]. For the
aforementioned, the effect of the mutual coupling on the radiation pattern between two
parallel driven elements is modelled in Figure 4. Two isolated driven elements with 50 Ω
purely resistive impedance, installed as a phased array, now exhibit an active impedance of
35 − j20 Ω and 65 + j20 Ω, respectively. In this case, both dipoles are in phase and terminated
at the 50 Ω 0◦ combiner input ports. The reason for a 0◦ instead of 90◦ hybrid combiner is
due to the phase error that is more evident on the oscilloscope screen.
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Based on Figure 4, the phasing error and the current imbalance can be calculated by
the use of Equations (7) and (8):

I1 =
V1

85− j20
Θ1 = Tan−1 20

(85)
(7)

I2 =
V2

115 + j20
Θ2 = Tan−1 20

(115)
(8)

The simulation results are demonstrated in Figure 5 as computed at the input ports of
the combiner. The first two waveforms, at the top, present the voltages at the input ports of
the 50 Ω combiner. Based on Figure 5, a current imbalance and a small phase shift occurs
between the first two waveforms. This is caused by the coupling between the two driven
elements of the array. The other two waveforms at the bottom of Figure 5 demonstrate the
two driven elements when terminated into a very high input impedance port; therefore, no
phase error and current imbalance occurs.
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Figure 5. Oscilloscope output from simulation at 25 MHz based on mutual impedance of the two
driven elements of Figure 4 (oscilloscope 0.2 V per division) versus high impedance (oscilloscope
0.5 V per division).

The impact of the above is presented in Figure 6 by applying the current values
and phase shift in Equation (5). The brown color cardioid radiation pattern reflects ideal
conditions. The mutual coupling between the two driven elements of the array affects
the radiation pattern as presented by the blue color diagram. It has a small back lobe and
a slightly different form. As a result, if the current imbalance and phase error goes far
beyond ideal values, then the radiation pattern of the array is expected to be less directional
and the F/B ratio will decrease.
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Figure 6. The effect of mutual coupling on the 0.25 λ array radiation pattern under ideal and
real conditions.

3. Design Considerations

The aim was to construct a two-dipole phased array, employing elements that are as
short as possible in order to be easily installed at the desired polarization sense. A good
trade-off was to set the length of the dipole elements at 5 m, i.e., 2.5 m for each element
with an 8 mm tubing diameter. As a result, both dipoles are short in the lower HF band but
close to resonance at 30 MHz. The self-impedances of the short dipoles and the E-plane
half-power beam widths (HPBWs) have been simulated from 5 to 30 MHz and are depicted
in Table 1 below:
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Table 1. Free space impedance of the array’s driven elements and HPBW as simulated by Eznec.

Impedance (Ω) Freq. (MHz) E-Plane HPBW (Degrees)

80 + j43 30 77
53 − j160 25 81
32 − j412 20 84
17 − j764 15 86
7 − j1374 10 88

1.9 − j3016 5 90

The phase errors and current imbalance of the quarter-wavelength two-dipole phased
array is neither easy to calculate nor is it a standard design parameter. Therefore, there
is no point in presenting charts and equations that concern the calculation of the mutual
coupling between the two parallel dipoles. The aforementioned is affected by many
complicated factors such as the operating environment, the height above the ground, the
type of ground, the polarization sense of the dipoles, the distance between them, etc. That
is why the isolation of the two dipoles, to avoid a current imbalance and phase error, must
be maximized as much as possible. Since the two dipoles are installed side by side, the
active impedance of each driven element due to the effect of mutual coupling will be
different, as has been discussed previously by Kraus [15]. The active dipoles terminated at
a 50 Ω combiner should enable balance of the impedance variations, as expressed by the
following equations:

Θ = Tan−1 X
(R + 50)

(9)

I =
V

[(R + 50)2 + (X)2 ]
0.5 (10)

where:

I is the current at the input port of the hybrid,
V is the output voltage of the active antenna,
Θ is the phase angle in degrees,
R is the real part of the antenna’s active impedance, and
X is the imaginary part of the antenna’s active impedance.

For this to be accomplished, a two-stage LNA has been implemented, as shown in
Figure 7. The first stage of the amplifier has been designed around the JFET BF245B
as a common drain amplifier [16]. The advantage of this unity voltage-gain, low-noise
amplifier is that it presents a very-high-input impedance and a low-noise figure across the
HF band, which is about 1.5 dB. Based on Equations (7) and (8), the high-input-impedance
property of the JFET amplifier serves two fundamental purposes: it reduces losses from
the effect of the short dipole’s high reactive components, given in Table 1; and, on the other
hand, isolates the two dipoles in terms of mutual impedance variations. The role of the
second stage, class A small-signal common-emitter amplifier is to compensate for the unity
voltage gain of the JFET amplifier and also to match the dipole’s terminal impedance at the
50 Ω hybrid’s input port. The performance of the LNA has been evaluated with a response
given in Figure 8. The amplifier gain response is not flat due to the Miller effect, mainly on
the second stage of the LNA, as was expected, but can be corrected, if needed, by the use of
a simple high-pass filter at the output of the combiner. The input impedance of the BF 245B
at 25 MHz has been measured to be around 800 Ω using an oscilloscope and the voltage
divider method. Specifically, a variable resistor (4K7) was placed in series to a 50 Ω signal
generator‘s output. Initially, the probe of the oscilloscope was connected at the output of
the signal generator without a load in order to determine the open circuit voltage. The next
step was to connect the signal generator at the input of the BF 245 common drain amplifier.
The probe of the oscilloscope was connected at the input of BF 245B as well. The target
was to adjust the variable resistor, which was in series, with the signal generator output to
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obtain the half voltage level compared to the open circuit’s voltage measured initially. The
resistance value of the trimmer (input impedance of the BF 245 common drain amplifier)
was 800 Ω.
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Figure 8. The LNA gain simulation by Proteous versus real gain measured in the laboratory.

The isolation performance between the two active driven elements has been simulated
as follows: a case where the driven element A has an active impedance of 30 − j85 Ω and
the driven element B an active impedance of 150 + j65 Ω respectively was examined. The
simulation results regarding the phase error and amplitude imbalance are presented in
Figure 9. The first two waveforms at the top represent the two driven elements A and B
tested by employing a 50 Ω impedance LNA. As can be observed, the phase error and
amplitude imbalance are much higher than the other two waveforms at the bottom. The
two waveforms at the bottom correspond to the same active dipoles under test but when a
high impedance LNA (Figure 7) was used. The phase and amplitude errors significantly
reduced due to the very high input impedance of the JFET. The gain of the LNA has not
been considered.
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3.1. Preliminary Testing in a Reflection-Free Environment

Preliminary tests before installing the array at the final site have been carried out in
real conditions in a reflection-free environment as illustrated in Figure 10. The main focus
of the test was to verify the performance difference between an HF quarter-wavelength two-
dipole array with 90◦ difference feed with a high-impedance LNA (presented in Figure 7)
versus the identical array with a traditional 50 Ω input-impedance LNA [17]. The array
has not been tested utilizing passive dipoles because of their narrow band response in
terms of VSWR i.e., it would be required fine tune to 50 Ω of each driven element in every
frequency under test. A mini-circuit amplifier MAR-8+ has been chosen instead in order
to ensure a robust 50 Ω impedance across the spectrum at which the active dipoles are
operated. The height of the masts used was 0.33 λ, i.e., not an ideal height at 25 MHz. The
length of the dipoles used was 5 m. In order to ensure a broadband 90◦ phase shift, each
dipole was connected at the input port of the Minicircuits broadband splitter/combiner
PSCQ-2-51W+ [18]. Using a relay switch presented in Figure 11, the 90◦ and 0◦ input ports
of the hybrid were reversed.
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Figure 11. Automatic control switch that interfaces with the 90◦ hybrid.

The chart in Figure 12 presents the response of the F/B ratio with a 50 Ω input-
impedance MAR-8+ LNA in each dipole compared to the high-impedance LNA of Figure 7.
To implement the test properly, a 30 dBm HF transmitter was installed in the far field, i.e.,
1.5 Km away from the reception point that was connected to a half-wave-dipole antenna.
For practical reasons, the tested array’s dipoles were installed on a separate mast.
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Figure 12. Test results of the phased array between 16 and 30 MHz.

From the preliminary measurements, it is obvious that the array F/B ratio is enhanced
when the high-input-impedance LNAs (Figure 7) are used in the two dipoles. Specifically,
the array provides a maximum F/B of 26 dB and an average of 19 dB across 18–30 MHz. In
contrast, using the 50 Ω Mar-8+ LNA, the array provides a maximum F/B of 17 dB and an
average of 12 dB within the same spectrum, as illustrated in Figure 12.

3.2. Final Validation Using Other Antennas

To validate the HF two-dipole active array antenna, we used a Rohde & Schwarz (R&S)
EM510 HF digital wideband receiver and dual polarization (HE016) active antenna already
installed at the validation site [19]. Since the developed array is horizontally polarized, the
omnidirectional turnstile component of the R&S HE016 antenna, capable of receiving HF
signals at high incident angles, was used.

Since the dipoles are placed 90◦ apart, the physical distance between the two dipoles
that constitute the antenna at 25 MHz is only 3 m as is illustrated in Figure 13 where the
two-dipole phased array is in its final form. The phased antenna steers to the desired
direction by the use of an electronic switch that can be controlled by a dedicated software.
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The HF scans were obtained by the use of an R&S EM510 receiver and an R&S ZS129
hardware switch controlled by ARGUS software [20,21] illustrated in Figure 14 below.
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Figure 14. The set-up used in the testing and validation phase.

Figure 15 presents the free-space azimuthal response for the quarter-wavelength two
horizontal 0.41 λ length dipole phased-array antenna at 25 MHz and 30◦ elevation angle,
as has been simulated by EZNEC based on pattern multiplication principle i.e., beyond
the array factor, the array’s radiation pattern is based on the dipoles’ pattern as well. In
comparison to Figure 6, the pattern of the 0.25 λ array which was simulated employing
isotropic radiators showing HPBW 180◦ and a 3 dB gain. However, the pattern in Figure 15
showing a HPBW 44.5◦ and a 7.23 dBi gain. Furthermore, taking advantage of the HE016
antenna which was used as a reference, the sensitivity of the array was evaluated. The
phased antenna directions under test were East–West and North–South as illustrated in
Figure 16 where the dipole phased-array system is deployed. The results are given in
Figures 17 and 18. The scope of this test was to ensure that the active dipoles enabled a
good reception below 20 MHz.
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It is evident that the proposed array presents a very good performance in terms of
receiving signals across the entire HF band, as illustrated in Figure 17. Therefore, the
array can be used as a monitor unidirectional antenna for applications below 20 MHz by
adjusting the distance between the two dipoles.

The results of testing the front–back ratio of the array between 20 and 30 MHz are given
in Figure 18. These results indicate that the array provides a very good F/B ratio between
20 and 30 MHz for air signals, as clearly some of the received signals are suppressed when
the array is electronically steered. For instance, based on Figure 18, the F/B ratio is almost
20 dB at 30 MHz as indicated by charts (b) North–South and (d) South–North. The F/B
is also of the order of almost 20 dB between 24 and 28 MHz as indicated by charts (a)
East–West, and (b) North–South. Between 20 and 24 MHz, signals are also suppressed by
switching the arrays in the opposite direction.

4. Concluding Remarks

The design and construction of an upgraded HF quarter-wavelength two-dipole
active array with 90◦ difference feed has been implemented. A high-input-impedance
LNA was used in each dipole in order to minimize the mutual coupling effect. Based on
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the preliminary measurements presented here, it has been demonstrated that the array
is operating satisfactorily, providing a respectable F/B ratio between 18 and 30 MHz,
ranging from a maximum value of 26 dB to a minimum of 15 dB. An identical array
utilizing a 50 Ω LNA that operates in the same spectrum provided a maximum F/B ratio of
16 dB and a minimum of 8 dB. The array steers in four different directions by the use of a
computer-controlled relay switch which reverses the hybrid’s input ports in order to steer
the array in the opposite direction. The proposed concept will have applications in HF
multi-element phased arrays implemented especially for sites where limited space imposes
restrictions but where a high directional monitoring antenna is required.
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