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Abstract – An extension of the basic concept of a self-oscillating non-Foster cross-dipole to
a self-oscillating Huygens radiator has been developed theoretically and studied numerically.
A proof-of-concept prototype has been built. The realized antenna consists of two orthogonal
dipole-loop pairs, a negative impedance converter, and a tuning LC circuit. In this paper we
report the basic concepts and the initial results obtained with a scaled RF demonstrator oper-
ating in the 60 MHz regime. The preliminary results have demonstrated self-oscillations with
nearly-perfect admittance matching over a tuning bandwidth of 1:1.35. The familiar cardioid-
like radiation pattern was achieved as designed across the 10% relative bandwidth. These results
confirm the efficacy of the basic idea of self-oscillating non-Foster Huygens radiators.

I. INTRODUCTION

A well-known application of negative capacitances and inductances, i.e., the so-called non-Foster elements [1],
is to achieve broadband matching of electrically small antennas. The broadband behavior arises from the fact that
non-Foster elements possess dispersion properties that are the inverse to those of ordinary (Foster) reactive ele-
ments [2]. However, the assurance of stable behavior in practical non-Foster circuits remains a rather challenging
issue [3]. An interesting idea that turns instability into a useful feature is the recently reported non-Foster self-
oscillating antenna [4]. The original design consisted of two orthogonal dipoles, mutually connected via a negative
impedance converter (NIC) and augmented with a tuning LC circuit. The NIC converts the self-admittance of one
dipole into its ‘negative image’, which is then cancelled by the admittance of the second dipole over a theoretically
infinite bandwidth. The LC circuit facilitates the selection of a single, but tunable frequency component to attain a
nearly perfectly-matched, broadband self-oscillating antenna [4]. Due to the use of orthogonal dipoles, the system
in [4] radiates a symmetrical donut-like radiation pattern. This pattern is inconvenient for practical applications, in
contrast to the unidirectional Huygens-like systems investigated in the metasurface community [5]. A theoretical
and numerical study that merges the concepts of non-Foster self-oscillating antennas [4] with miniaturized planar
Huygens antennas [6] was reported recently in [7].
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Fig. 1: A self-oscillating non-Foster Huygens radiator. (a) Exploded view. (b) Simplified block diagram.

As Fig. 1 illustrates, the design is again based on a system of two orthogonal ‘one-port’ antennas, a NIC and
a tank circuit. However, in contrast to the original system in [4], each ‘one-port’ antenna now consists of two
separate near-field resonant parasitic (NFRP) element pairs, i.e., a loop and a dipole, each driven by a small dipole.



Both NFRP loop elements are formed by orthogonal traces on Layer 1 and Layer 3 connected by vias passing
through Layer 2. Both NFRP dipole elements are formed by orthogonal traces on Layer 2. The fields radiated
by the driven dipoles directly induce currents on the NFRP loops. The fields radiated by the NFRP loops have
the well-known ‘donut’ (toroidal) pattern with its nulls in the direction perpendicular to the loop plane, i.e., each
NFRP loop acts as a magnetic dipole. The fields they radiate subsequently induce currents on the NFRP elements
on Layer 2 which act as electric dipoles. They also radiate toroidal patterns, but with their null directions along the
axes of the dipoles. The superpositions of the fields generated by the NFRP dipoles and loops yield the well-known
Huygens (cardioid) radiation pattern. The antenna components of the self-oscillating non-Foster Huygens radiator
(left part, Fig. 1) designed in [7] were for the 30 MHz RF band. The antenna’s footprint was 2.3 m x 2.3 m (0.23λ
× 0.23λ, ka = 1.02). This footprint is larger than that of the corresponding passive Huygens radiator developed in
[6], 0.11λ x 0.11λ, because the design employed simple styrofoam layers (εr=1) rather than dielectric ones. The
electronic part (right part, Fig. 1) consisted of the floating NIC based on two high-speed THS 4304 operational
amplifiers. The EM/circuit simulations predicted stable self-oscillations over a 1:1.5 tuning range and a better than
20 dB suppression of higher harmonics. In this contribution, we refine the design of the electromagnetic (EM) part
of the self-oscillating non-Foster antenna developed in [7]. We also describe the manufacturing and testing of an
appropriately scaled 60 MHz RF experimental demonstrator and report the preliminary measured results.

II. NON-FOSTER SELF-OSCILLATING HUYGENS RADIATOR - SCALED RF DEMONSTRATOR

With substantial efforts we discovered that two properties of the initial design [7] could be improved: the return
loss and the peak broadside directivity (10 dB and 2.3 dBi, respectively). Further optimization of the geometry
of the EM part was performed using various parameter studies with the CSTTM software. Once a satisfactory
design was obtained, the associated S-matrix was imported into the ADSTM circuit simulator to investigate the
self-oscillations. Interestingly, we found that an optimally designed antenna, i.e., the EM design that gives the best
return loss and the highest peak broadside directivity, is not necessarily the ‘optimal load’ for the electronic part.
First, the ordinary 50-ohm environment is different from the impedance of the ‘equivalent generator’ in this case,
i.e., the ‘negative image’ of the second antenna. Second, the antenna’s physical dimensions can make a significant
difference in the self-oscillating antenna’s overall performance. Specifically, the input capacitance/inductance of
the antennas are frequency dependent. Therefore, they may be on the same order of magnitude as the NIC parasitics
if the antenna is physically small. With CST-ADS co-optimizations, we have redesigned both the antenna and the
NIC for operation in a higher RF frequency band (60 MHz). This modification facilitates the optimal trade-off
between all of the theoretical and practical system parameters. The new physical dimensions of the EM part are
1m x 1m x 0.09m giving the first resonance at 66.2 MHz. The electric dimensions remained relatively unchanged
(0.22λ x 0.22λ x 0.019λ, ka = 0.98). We also optimized the NIC gain, which is determined by the feedback
resistors (see Fig. 8b in [4]). Samples of the simulated results from the optimized design are shown in Fig. 2. It is
clearly seen in Fig. 2a that the cardioid radiation pattern is obtained with a peak broadside directivity of 3.9 dBi.
Fig. 2b shows that the simulated tuning range was around 1:2, from 28 to 64 MHz or 78%, with a pronounced
negative conversion error of the antenna’s conductance. Fig. 2c shows that the maximal imbalance of the power
radiated by the HP and VP elements was around 5 dB, while the associated polarization angle imbalance was
smaller than 5°. These imperfections are not important since they do not change the net radiated power [4].
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Fig. 2: (a) Simulated radiation pattern of a Huygens antenna (f=66.2 MHz, D=3.9 dBi). (b) Simulated NIC conversion ratio
(conductance-upper, susceptance-lower). The ideal cases are depicted dashed, and realistic cases solid. (c) Imbalance in the
power radiated by the HP and VP elements (blue) and in their polarization angles (red).



Finally, it is important to notice that the cardioid radiation pattern was obtained over a 10% fractional bandwidth
despite the antenna being electrically small, which is significantly narrower than the 78% (1:2) tuning bandwidth.
This is a consequence of the fact that 90° phase difference between the induced loop/dipole currents is required to
achieve a balanced electric and magnetic dipole pair that generates the Huygens pattern, and it can theoretically be
met at only one frequency.
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Fig. 3: (a) RF demonstrator. Upper left: Layer 3, top sides of the NFRP loops. Upper right: front side of the NFRP dipoles
on Layer 2. Lower left: bottom sides of the NFRP loops on Layer 1. Lower right: electronic parts and the driven dipoles.
(b) Comparisons of the |S11| values of the simulated Huygens radiators (solid red and dashed blue) with the measured RF
demonstrator (dot dashed black). (c) Measured spectrum of a self-oscillating signal.

The optimized demonstrator was fabricated, assembled and tested (Fig. 3a). The measured resonant frequency
was 10% lower than predicted at 60 versus 66.2 MHz (Fig. 3b). Its return loss was slightly worse, but very ac-
ceptable at 20 versus 25 dB. Moreover, the measured spectrum of the self-oscillating signal (Fig. 3c) demonstrated
15 dB suppression of any spurious components. The differences between the simulated and measured results are
attributed to manufacturing errors. In particular, there was a pronounced discrepancy between the simulated and
measured tuning range (28 to 64 MHz, or 1:2, versus 29 to 39 MHz, or 1:1.34). In order to find the reason for this
difference, we have simulated different manufacturing errors and misalignments. Observations suggest that vari-
ations of the design parameters, which have only a slight influence on the return loss, can have significant impact
on the tuning range. While these conclusions are very preliminary, additional investigations of the sensitivity of
manufacturing tolerances on the system performance are needed, and are in progress.

III. CONCLUSION

The concept of a self-oscillating non-Foster Huygens radiator, proposed in a recent numerical study [7], has
been investigated further. The design was optimized for a different frequency range and tested experimentally. The
measured demonstrator results are consistent with their simulated values, thus verifying the correctness of the idea.
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