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Abstract—A non-reciprocal metamaterial structure composed
of a 2D periodic array of slot ring resonators including each a
semiconductor-based isolator is introduced and experimentally
shown to produce Faraday rotation. In contrast to previously
reported non-reciprocal metastructures, which were of microstrip
type and were limited to the reflection mode, the proposed slot
line type structure is transparent, as the wave can pass through
the slots, and therefore it operates in the transmission mode.
The metamaterial exhibits the same response as a magnetically
biased ferrite or plasma, but without the need of a biasing static
magnetic field.

I. INTRODUCTION

Recently, artificial magnetic non-reciprocal gyrotropy,
based on the rotation of the dynamic magnetic field in
semiconductor-loaded metamaterial ring particles, was intro-
duced in [1], [2]. The properties of the resulting metastructures
were shown to be essentially similar to those of magnetically
biased ferrites in the microwave region. One of the practically
most interesting features of these metastructures is the fact
that they require neither magnetic materials nor magnets, so
that they can be fully integrated in MICs and MMICs, and
so that their loss does not scale linearly with the operation
frequency, in contrast to ferrites, which become impractical
toward millimeter waves due to prohibitive loss [3].
Artificial magnetic gyrotropy has been demonstrated in sev-

eral applications [1], [2], [4], [5]. However, the metastructures
reported in these papers are of microstrip line type. They
are thus backed by a full metal conducting ground plane,
which makes them opaque to waves incident upon them.
In this work, the ring resonators are slot rings. Therefore,
wave penetration through the structure is allowed and the
structure can operate in the transmission mode. In contrast
to its magnetic predecessors, this structure utilizes electric
gyrotropy. Its operation is demonstrated by the inspection of
Faraday rotation across it.

II. ELECTRIC GYROTROPY BY SEMICONDUCTOR-LOADED
SLOT-RING METASTRUCTURE

Figure 1 shows the analogy between the operation of
natural electric gyrotropic materials, such as ferrites at op-
tical frequencies [6], and the proposed magnetless gyrotropic
metamaterial. In the former case, depicted in Fig. 1(a), electric
moment precession, and subsequent electric moment rotation,
is produced at the molecular scale in the presence of a

biasing static magnetic field. In the latter case, illustrated in
Fig. 1(b), natural electric moment precession is mimicked
by a magnetic current traveling along the slot ring, enabled
by the presence of a unidirectional semiconductor element,
and electric dipole rotation is subsequently produced, at a
metamaterial scale, where an electrostatic voltage suffices to
bias the semiconductor elements. At the macroscopic scale, a
similar response is obtained in both cases, from the similar
rotating electric dipole moments at the microscopic scale.
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Fig. 1. Rotating electric moment (a) in an electric gyrotropic material and
(b) in the proposed magnetless gyrotropic metastructure.

The generation of the rotating electric moment in the pro-
posed metastructure is further explained in Fig. 2 for the case
of an ideal isolator. Each ring is loaded with a semiconductor-
based unidirectional element, such as a field-effect transistor,
in order to produce a traveling-wave regime. The slot-ring res-
onates when its circumference equals the guided wavelength.
Figure 2(a) depicts the time evolution of the radial electric
field magnitude in the ring at quarter-period spaced instants,
while Fig. 2(b) shows the corresponding vector field evolution
and effective electric moment pρ.
The radial electric moment rotates around the axis of the

ring with an angular velocity equal to the resonance angular
frequency of the ring, and, assuming a right-handed directed
unidirectional semiconductor element with respect to z, the
effective electric susceptibility tensor of the metastructure
reads

χ =

⎡
⎣

χ1 jχ1 0
−jχ1 χ1 0
0 0 0

⎤
⎦ . (1)

The electric polarization P rotates then in the right-handed
direction with respect to z in xy plane, as may be ver-
ified from the polarization relations Px = χ1Ex + jχ1Ey ,
Py = −jχ1Ex + χ1Ey .
As in the ferrite case [3], the dispersion relations for

the right-handed and left-handed circularly polarized waves
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Fig. 2. Slot-ring resonator loaded with an ideal isolator. (a) Slot-ring
geometry and radial electric field magnitude along the ring at four quarter-
period spaced time instants. (b) Corresponding vector field evolution and
effective electric moment pρ.

across the structure can be derived from (1). They read
β± = ω

√
με0[(1 + χ1)± χ1], and Faraday rotation as pro-

duced as a result of the difference between the phase constants
β±.

III. EXPERIMENTAL VALIDATION

Fig. 3 shows a practical implementation of the proposed
metamaterial structure. It consists the repetition of a four-
ring super-cell with 90◦ rotational symmetry in terms of the
placement of the unidirectional elements are isolators. These
isolators are realized by common-source field-effect transistors
(NE3210S01) connected to the ring via a DC decoupling
capacitor of 1 pF. Moreover, two resistors, of 68 Ω and 100 Ω
respectively, are connected to the ground from the gate and
the drain for the impedance matching. The static voltage VDD

is applied through the RF choke coil together with two shunt
capacitors of 1 pF and 1 μF, respectively.
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Fig. 3. Practical implementation of the proposed metastructure. (a) Four-ring
super-cell with 90◦ symmetry. (b) Dimensions and parameters of each ring.

Fig. 4 shows the measurement setup, which consists of two
horn antennas facing each other through the structure. The
structure is placed in a 12 cm square window of an aluminum
plate of 35 × 70 cm, to avoid direct coupling between the
antennas. Antenna #2 has a fixed (linear) polarization, while
antenna #1 rotates so as to present a variable polarization with
respect to antenna #2. The distance between each antenna and
the structure is 1.0 m (= 25λ0 at 7.5 GHz), which is well
beyond the near-field limit. The antennas are connected to
vector network analyzer using time gating function for better
signal discrimination.
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Fig. 4. Measurement setup. (a) Two horn antennas, one with fixed polariza-
tion and the other one with variable polarization, facing each other through
the metastructure under test. (b) Whole setup showing the two horn antennas
and the structure.

Figure 5 shows the measured S-parameters for a bias
voltage VDD = 0.48 V (maximum voltage before instability)
and several angles θ between the polarizations of the two
antennas. Comparing Figs. 5(a) and (c) shows complementary
responses for the transmission curves of opposite directions
under opposite antenna relative angles, which is an expected
manifestation of non-reciprocal rotation. When the antennas
are co-polarized, the response naturally reciprocal, as shown
in Fig. 5(b). The observed Faraday rotation responses are
identical to those that would be obtained with a ferrite slab
[3].
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Fig. 5. Measured transmission parameters between the two horns for different
θ and VDS = 0.48 V, IDDtotal

= 1.22 A. (a) θ = −45◦. (b) θ = 0◦ . (c)
θ = 45◦.

IV. CONCLUSION

Faraday rotation by artificial electric non-reciprocal gy-
rotropy has been demonstrated experimentally in a novel
transparent slot-ring metamaterial structure.
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专注于微波、射频、天线设计人才的培养 易迪拓培训 
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C S T 视 频 培 训 课 程 推 荐 

CST 微波工作室(CST Microwave Studio)是 CST 工作室套装中最核心的一个子软件，主要用于三维

电磁问题的仿真分析，可计算任意结构任意材料电大宽带的电磁问题。广泛应用于高频/微波无源器件

的仿真设计、各种类型的天线设计、雷达散射截面分析、电磁兼容分析和信号完整性分析等各个方面。

易迪拓培训(www.edatop.com)推出的 CST 微波工作室视频培训课程由经验丰富的专家授课，旨在

帮助用户能够快速地学习掌握 CST 微波工作室的各项功能、使用操作和工程应用。购买 CST 教学视

频培训课程套装，还可超值赠送 3 个月免费在线学习答疑，让您学习无忧。 

 

CST 学习培训课程套装 

该培训套装由易迪拓培训联合微波 EDA 网共同推出，是最全面、系统、

专业的 CST 微波工作室培训课程套装，所有课程都由经验丰富的专家

授课，视频教学，可以帮助您从零开始，全面系统地学习 CST 微波工

作的各项功能及其在微波射频、天线设计等领域的设计应用。且购买该

套装，还可超值赠送 3 个月免费学习答疑… 

课程网址：http://www.edatop.com/peixun/cst/24.html 

HFSS 天线设计培训课程套装 

套装共含 5 门视频培训课程，课程从基础讲起，内容由浅入深，理论

介绍和实际操作讲解相结合，全面系统的讲解了 CST 微波工作室天线

设计的全过程。是国内最全面、最专业的 CST 天线设计课程，可以帮

助您快速学习掌握如何使用 CST 设计天线，让天线设计不再难… 

课程网址：http://www.edatop.com/peixun/cst/127.html 

 更多 CST 视频培训课程： 

 CST 微波工作室入门与应用详解 — 中文视频教程 

CST 微波工作室初学者的最佳培训课程，由工程经验丰富的资深专家授课，全程中文讲解，高清

视频，直观易学。网址：http://www.edatop.com/peixun/cst/25.html 

 CST 微波工作室天线设计详解 — 中文视频培训教程 

重点讲解天线设计相关知识和使用 CST 进行天线仿真设计的使用操作，是学习掌握使用 CST 微

波工作室进行天线设计的必备课程，网址：http://www.edatop.com/peixun/cst/26.html 

 CST 阵列天线仿真设计实例详解 —— 中文视频教程 

阵列天线设计专业性要求很高，因此相关培训课程是少之又少，该门培训课程由易迪拓培训重金

聘请专家讲解；课程网址：http://www.edatop.com/peixun/cst/123.html 

 更多 CST 培训课程，敬请浏览：http://www.edatop.com/peixun/cst 
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关于易迪拓培训： 
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我们的课程优势： 

※ 成立于 2004 年，10 多年丰富的行业经验 

※ 一直专注于微波射频和天线设计工程师的培养，更了解该行业对人才的要求 

※ 视频课程、既能达到现场培训的效果，又能免除您舟车劳顿的辛苦，学习工作两不误 
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