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Abstract

In microwave devices performing the functions of delay lines, equalizers and information storage cells “storage” of
electromagnetic oscillations energy in one or another form is realized, associated with their specific phase and time
group delay characteristics. The report considers microstrip and 3-D cells of metamaterials which realizing such
properties and demonstrates ways to achieve optimal parameters of these structures from the point of view of losses
and “time delay”.

Introduction

Phase equalization of band-pass filters has always been an urgent task in the design of microwave
devices [1-3]. In [4-6] it was demonstrated that bridge resonant structures in the form of all-pass filters
are also applicable for modeling the characteristics of metamaterial cells. As described in papers [7-9]
metamaterial cells are also used as storage and retrieval devices. The properties of all-pass filters based on
lumped elements without taking into account losses in resonators have been well studied for a long time
[10,11], but particular interest are the characteristics of this kind of lossy filters. In paper [12] it is noted
that the structures with two independent channels of energy transmission belong to the so-called “non-
minimal-phase” circuits, and also that this kind of circuits in the form of a bridge circuit with series and
parallel oscillatory circuits in parallel and crossed arms (Fig.1(a)) are “phase-correcting units” which can
provide infinite attenuation even taking into account losses in the circuits (i.e., at finite values of the Q-
factor of resonance circuits). That is why this kind of bridge structures, as well as equivalent circuits
shown in Fig. 1(b), can have characteristics like Fano resonance and electromagnetically induced trans-
parency (EIT) [4-6]. It is noted there that the infinite attenuation is due to the balance of currents of dif-
ferent branches of the circuit in the common load. Consequently, a change in the current direction (cur-
rent phase) can cause the derivative of the phase response to also change sign to the opposite and the val-
ue of the group delay time to become positive, which, as noted in [13], does not imply a violation of the
principle of causality.

In modeling metamaterial cells, since the beginning of their study, ladder circuits or circuits based on
coupled circuits have been traditionally used [14]. In this kind of structures, the energy from the generator
to the load propagates along one channel, and the energy exchange between coupled oscillatory circuits
takes place in the same “forward-backward” direction. In bridge circuits resonators can exchange energy
between themselves in the “transverse” direction without affecting the oscillator and load circuits, i.e.,
creating the conditions of existence for the so-called “trapped” modes [6,15]. The parameters of such sys-
tems from the point of view of achievable limits of electromagnetic oscillation energy accumulation and
related parameters of group delay (GD) time and insertion damping are considered below.

Theoretical Background

In [4], the S11 and Sy parameters of system with two independent resonators (oscillations) of differ-
ent types, modeled by bridge equivalent circuits (Fig.1) are represented as:

Su=K2/(1+K?2)-Ki/(1+KY), 1)
Su=1-K/ (L+K1)-K21+K"), )
where
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K’y =Ky [(1+] (£ + )], 3
K= Ko/[(1+] (& —a)-b], (4)
K1= Qo1 /Qextt, ®)
K2= Qo2/Qextz, (6)

where Qoi is the unloaded Q-factor of the “i” resonator, Qexi IS the external Q-factor of the “i”” resonator
(i=1,2); & is generalized frequency detuning to the central frequency of the filter fo, and a is generalized
frequency detuning of “parallel” fyar and “series” fsr resonators to fo.

fo= (fpar + fer)/2, (7

& = 2(f - f0)-(Qo-Qo2) /(£ + fo), (8)
a= Z(fpar - fser)'(QOl‘QOZ)l/Z/ ( fpar + fser), (9)
b= Qoz/Q01. (10)
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£

a) b)
Fig. 1. The equivalent circuit of an all-pass filter a) classic structure; b) circuits with balun

Normalized total stored energy in a two-resonator system (this is sum of the energy stored by the reso-
nant system and energy losses, including radiation losses) can be defined as:

Ex=1—[Suf —[Saf = 2[K"/|(1+K )P + +2/K*|(1+K2) = Ei+E2 (11)

and is equal, as we see, to the sum of the accumulated normalized energies E; of individual resonators
(oscillations). For an individual i-th resonator, the maximum of the accumulated energy is reached at K; =
1, i.e.,, at the equality of its intrinsic and external Q-factor and is equal to half of the total incident energy,
a quarter of the energy is reflected, and a quarter is transmitted. In a perfectly matched two-resonator sys-
tem, at K; = Kz = 1, the entire incident energy can be stored, and there will be no reflection and passage
of energy (as per formulas (1), (2)).

Fig. 2 shows the transmission coefficients of individual resonators (parallel oscillating circuit - red
curve, series oscillating circuit - green curve) and the transmission (S21) and reflection (S11) coefficients
of the whole resonant system (blue curves) for resonators with the same Q-factor value. To demonstrate
the almost merging green and red characteristics as well as the overall reflection curve Si1, the transmis-
sion coefficients for the different oscillations are slightly different (K1=1; K;=1.1).

A matched resonant structure of the all-pass filter type can be used as a model of the “trapped” mode of
oscillations [15,16]. Trapped mode oscillations occur by energy exchange between resonant circuits in the
direction which transverse to the direction of energy propagation from input to output (from generator to
load). In the mode of perfect matching at K; = Kz = 1, the characteristic of the cell transmission coeffi-
cient Sz; = 0 dB at the resonant frequency and has an infinitely narrow width of the spectral line at the
level of -3 dB, as well as tending to infinity value of the group delay time GD (decrement of attenuation is
close to zero), so “trapped” modes are usually characterized in this case as the mode of “super-quality”
oscillation.

In real microwave structures based on MSR and DR all this is realizable using at least two independ-
ent channels of energy propagation included in parallel between input and output and excited by different
types of oscillations: in-phase and anti-phase, even and odd, electric and magnetic (by analogy with elec-
tric and magnetic dipoles). Such structures in the modes of Fano resonance and EIT are considered below,
and their “energy” characteristics are analyzed.
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Fig. 2. Characteristics of the all-pass filter in the matching mode: a) K1 = Kz =1; b) K1 = K2=10. Green

curves - characteristics of the low-Q series circuit, red - characteristics of the low-Q parallel circuit, blue
curves - characteristics of the whole oscillatory system

Frequency, GHz

Experimental Results

Fig.3 shows the layouts of two types of metamaterial cells consisting of the combination of the mi-
crostrip (MSR) and dielectric (DR) resonators (Fig.3(a)) and combination microstrip resonators of vari-
ous length (Fig.3(b)).

a) ' - b)
Fig.3. Photographs of layouts of the investigated filters based on metamaterial cells

Fig.4(a) shows the metamaterial cell characteristics based on the combination of the DR and MSR for
the layout of Fig.3(a) measured separately for DR and MSR, such that the insertion loss levels are approx-
imately the same (approximately -19 dB).

The higher value of Q-factor of the DR compared to the MSR is visually observed. This is also evi-
denced by the values of the GD parameter - of about 11 ns in the MSR and about 50 ns in the DR.
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Fig.4. Frequency characteristics of metamaterial cell based on the combination of the MSR and DR for the
layout of Fig.3,b: a) experimental measured S21 and GD (1 — DR, 2 — MSR); b) experimental and theoretic
values of S21 parameter in the EIT mode; ¢) experimental and theoretic values of GD parameter in the EIT
mode; d) experimental and theoretic values of Sz: parameter in the mode of Fano resonance; €) experimental
and theoretic values of GD parameter in the mode of Fano resonance

Fig.4(b)-4(c) show the characteristics of the whole metamaterial cell in the EIT (electromagnetically in-
duced transparency) mode, and Fig.4(d)-4(e) show the “exotic” for Fano resonance variant (Fano reso-
nance in general case has asymmetric amplitude characteristics) of coincidence of resonance frequencies
of DR and MSR (resonance is achieved due to fulfillment of condition

KDR . KMSR =1 (12)

where Kpr and Kusg — respectively coupling coefficients of DR and MSR with the transmis—
sion line. For loss level at the resonant frequency of about —19 dB the KMSR =8 and, ac-
cordingly, removing DR from the transmission line, it was possible to ensure its weak cou—
pling KDR = 0.125 (attenuation level of about 1 dB).

The theoretical curves in Fig.4(b) — 4(e) are calculated with the following circuit parameters (Fig.1(b))
presented in Tab.1.

Table 1. Circuit Parameters

Parameters Parallel EIT Series EIT Parallel Fano Series Fano
R, Ohm 800 16.6 820 800
L, nH 0.12 717 0.1188 14320
C, pF 11.95 0.002 11.86 9.845-10°

Fig.5(a) shows the frequency dependences of the stored energies calculated in accordance with (11).
The red curve corresponds to the energy of the low-Q MSR, the green curve corresponds to the energy of
the high-Q DR, and the blue curve characterizes the total energy of the cell (the calculation was per-
formed for the case KDR = 6, KMSR = 8, which corresponds to the measured and simulated parameters
S11 and S21 in the “transparency window” mode (Fig. 4(b) - 4(c)).

Fig.5(b) shows similar dependences calculated for the Fano resonance (Fig.4(e)) at the previously indi-
cated values of KMSR = 8 and KDR = 0.1255. In Fig.5(a) for “Storage energy” it can be seen that in the
region where the total stored energy (blue curve) exceeds by level the energy stored by individual resona-
tors, part of it is “over-radiated” in the direction of the load (S21 in this region decreases, more energy is
supplied to the output), and the reflection, on the contrary, decreases. Note that in the “transparency win-
dow” mode, the GD value of the cell as a whole is less than the GD of the resonators forming it, and very
large GD values in the Fano resonance mode are achieved only at very high loss levels (at very weak sig-
nals). Note that the connection between steep phase characteristics of filters and large levels of attenua-
tion has been researched for quite a long time [18].
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Fig. 5. Frequency characteristics (Sz1, Su, Ex, Phase, GD) of metamaterial cell: a) in the EIT mode; b) in the
mode of Fano resonance

We have also studied a microstrip metamaterial cell Fig. 3(b), an analog of a standard split-ring res-
onator (SRR) that consists of short “inner” and long “outer” resonators. During research the resonance
frequency of the smaller microstrip resonator of the metamaterial cell (Fig.3(b)) was changed using a
small piece of dielectric with low dielectric permittivity by superimposing it on the resonator (the larger
the size of the dielectric on the resonator, the lower its resonant frequency). The layouts of metamaterial
cells are tested in the modes of minimum (transparency windows) and maximum (Fano resonance) losses.
Its experimental and theoretical characteristics are presented in Fig. 6.
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Fig. 6. Experimental and theoretical characteristics of the microstrip filter of Fig. 3 @) - characteristics in Fig.
a) and b) - mode of “transparency window”, in Fig. ¢) and d) - mode of Fano resonance
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Since the unloaded Q-factor of the microstrip resonators are approximately the same (QO0 ~ 250), and
the coupling coefficients of the resonators are fixed (K1 =~ K2 = 7 + 1) and cannot be adjusted, the tuning
of the minimum-loss mode (coincidence of the resonant frequencies of the short and long resonators) was
achieved with a symmetric reflection coefficient characteristic (Fig. 6 a). The classical “transparency
window” in the form of loss reduction at the resonant frequency is not observed (both experimentally and
theoretically), and the GD of the metamaterial cell is less than the GD of the individual resonators. This
can be seen from the characteristics shown in Fig.7(a) and obtained on the basis of dependences (1) -
(12). The loss of the all-pass filter is approximately of 2.5 dB in the phase corrector (equalizer) mode is
associated with small values of the Q-factor of microstrip resonators. Fig.7(b) shows the calculated char-
acteristics of a metamaterial cell with typical parameters of its constituent resonators (Q0 = 250) to
demonstrate both the maximum achievable parameters of such structures and to illustrate the following
fact - the frequency of the Fano resonance (attenuation peak on the blue curve S21) coincides with the
frequency, at which the red and green characteristics of the stored losses of individual resonators inter-
sect, which indicates the following - the Fano resonance is reached at the point where a complete ex-
change of energy between individual resonators is possible (without transmitting some difference of the
stored energy to the output).
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Fig. 7. Calculated characteristics of the microstrip metamaterial cell (presented in Fig.3(b)): a) in the mini-
mum loss mode (“transparency window”); b) in the case of anomalously high attenuation (of about - 100 dB)
and GD (of about 30 ps).

Conclusion

As we can see, the substitution scheme of the all-pass filter on lumped elements, used mainly as an
equalizer, allows to model not only its phase and time (GD) characteristics, but also such exotic charac-
teristics of the phenomenon as Fano resonance, EIT and “super-quality”. Theoretically and experimental-
ly demonstrated the most important feature of this kind of structure — the ability to “accumulate” in the
matching mode all the incident incoming energy (while each of the resonators cannot “accumulate” more
than half of the incident energy) due to the exchange of energy between the resonators in the direction
“transverse” to the direction of energy propagation. It is also shown that the GD characteristic of the
structure in the “transparency window” mode is a compromise between its maximum values and losses.
At the same losses of individual resonators and the structure, the delay time of the system doubles, which
can be regarded as a doubling of the system quality compared to the quality of the resonators forming it.
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