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In theory, engineered anomalous transmission in passive materials and waveguide devices can be used to com-
pensate for waveform distortions. However, they suffer from inherent dissipation. Recently, active non-Foster
elements with imaginary immittance monotonically decreasing with frequency have shown important potentials
in broadening bandwidths of electromagnetic devices. So far, they are implemented based on negative impedance
convertors (NICs) loaded with Foster devices. This makes them intrinsically one-port elements and thus cannot
be used to compensate for distortions of signals. We construct a two-port network with a non-Foster transmission
coefficient based on an unconventional use of NICs. Simulation and experiments show that it can compensate
for extremely distorted signals. The proposed method can be used to broaden existing applications in different
areas such as antennas, circuits and systems, and physical-layer signal processing.

PACS: 42.65.Re, 02.60.Cb

For signals transmitting through materials, waveg-
uides and circuits, waveform distortions are inevitable
due to various frequency dispersions. Consequently,
the signal distortion is one of the major limiting fac-
tors in electronic systems. So far, it has been well
recognized that engineered anomalous transmission in
passive materials and waveguide devices can be used
to compensate for waveform distortions in physical
layers.l! %! However, they suffer from severe, inherent
dissipations in anomalous dispersion bands.

Recently, non-Foster elements (NEs) with their
imaginary immittance decreasing with frequency have
attracted many interests.l' %l Theoretical analyses
and experimental demonstrations showed that such
active elements can exhibit ‘negative’ reactance.l”]
This special characteristic can be used to broaden the
bandwidth of radio frequency (RF) devices such as
electrically small antennas(®‘] and metamaterials,!'"!
implying a wide range of potential applications.
So far, NEs were implemented based on negative
impedance convertors (NICs) loaded with Foster de-
vices. This makes them intrinsically one-port elements
that only have reflection coefficients. Consequently,
they were mainly used to compensate for parallel reac-
tance of target devices. This limits the use of conven-
tional NEs for applications such as the compensation
for waveform distortion of signals.

In this work, we construct a two-port non-Foster
network with an unconventional use of a floating NIC
based on an operational amplifier (OP AMP). Com-
pared with conventional one-port NEs, this network
can be connected in series in circuits. With a non-
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Foster transmission coefficient, it can also be used to
compensate for waveform distortion of signals. The-
oretical analysis, simulation and experimental results
verified the effectiveness of the proposed network. Be-
ing an active network, it can possess a compact size
and tunable anomalous frequency responses, exhibit-
ing a unique advantage compared with the existing
passive solutions.
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Circuit analysis for the proposed two-port net-

Figure 1 shows the circuit topology of a floating
NIC based on dual OP AMPs, whose equivalent cir-
cuit is shown in the greyed inset. As discussed in
Ref. [11], when I, and I, are considered as the dif-
ferential input currents and Zy, as the load impedance,
the input differential impedance can be calculated as
—Z71,. In the following we will prove that if I;,, and I,y
shown in Fig.1 can be considered as two single-ended
input and output currents, the floating NIC can be
converted into a two-port network with a non-Foster
transmission coefficient.

With the notations in Fig.1 and applying the
Kirchhoff laws, the ABCD matrix can be obtained
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from the circuit equations
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When the open loop differential gain of the OP AMPs
is sufficiently large, the transmission coefficient B =
Uin/Iout can be simplified to
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Although B is no longer directly proportional to —Z7,
as the original floating NIC, both its real (resistive)
and imaginary (reactive) parts can exhibit series non-
Foster responses.

Figure 2 shows the reactive response of B. All
the curves were calculated by Eq. (7) when the output
port is open circuit. In Fig.2(a), Z1, is set as a fixed
10-pF capacitor, and the resistance of the bias resistor
R is changed from 3 to 40 2. In Fig. 2(b), A is set as
170, R is set as 10082, and Zy, is set as a capacitor,
whose capacitance changes from 3 to 40 pF. Note that
according to Ref. [12], Zy, cannot be inductive, other-
wise a self-excited oscillation would be induced. It is
seen that both reactive responses of B are non-Foster
in a wide bandwidth, and such non-Foster responses
can be continuously changed by tuning R and Zj,, re-
spectively.

Next, we perform circuit simulations to ver-
ify the above theoretical analysis based on
a commercial circuit simulator,  Multism™
(http://www.ni.com/multisim). The simulation

model is shown in Fig.3(a), where the circuit struc-
ture is the same as that in Fig.1. In the model,
the integrated dual RF OP AMP, Texas Instru-
ments OPA2695, was chosen, and the vendor-provided
SPICE model was used in the simulation. The sim-
ulation frequency was swept from 1 to 100 MHz, and
the built-in software vector network analyzer (VNA)
was used to measure the transmission coefficient B.
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Fig. 2. Series non-Foster response due to the transmis-
sion coefficient B. (a) Reactive response with respect to
a changing R. (b) Reactive response with respect to a
changing capacitive Zg,.
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Fig. 3. Circuit simulation based on given SPICE parame-
ters. (a) Circuit simulation model. (b) Simulated reactive
response of the transmission coefficient.

In the simulation, the OPA2695 was biased by di-
rect current (DC) voltages of +/—5V, and R was set
as 100Q2. To compare with the analytical results, Zy,
was set as a capacitor, whose capacitance was also
increased from 3 to 40 pF. The simulated results are
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shown in Fig. 3(b). It is seen that the non-Foster reac-
tive responses of the transmission coeflicient are close
to those calculated by Eq. (7), verifying the effective-
ness of the circuit analysis.
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Fig.4. Experimental verification of the non-Foster co-
efficient. (a) Hardware implementation of the two-port
non-Foster network. The size of the non-Foster elements
(the small green boards) is 5x5mm?2. (b) Experimental
results of the non-Foster transmission coefficient.

To experimentally verify the above analysis, the
proposed network was physically implemented, as
shown in Fig.4(a). In the implementation, the
OPA2695 was chosen as the key component, and two
coaxial RF connectors were used as the input and out-
put ports. The power supplies of the OP AMPs were
+/=5V. The resistance of R was 100 (2 and the capac-
itance of Z1, was changed from 3 to 39 pF. According
to Ref. [12], to ensure the stability of the NIC, a series
capacitor Cy was added before the NIC, thus the total
reactance remains positive.

To obtain the non-Foster transmission coefficient,
a VNA, Agilent 8722ES, was used to measure S. Lim-
ited by the lower-end frequency of this VNA, the mea-
sured frequency was between 50 and 100 MHz. The
reactive transmission response can be retrieved from
the measured S parameters according to the conver-
sion between S matrix and ABCD matrix. Figure
4(b) plots retrieved responses for different capacitive
loads. It can be seen that the experimental negative
slopes comply with the simulated results in Fig. 3(b).

To experimentally verify the waveform compensa-
tion effect, an extremely distorted signal was used. A
37.5-MHz square-wave signal was generated first, and
then filtered by a high-pass filter consisting of a 100-
Q shunt resistor and a 100-pF series capacitor. Since
the high-pass filter’s cutoff frequency is 100 MHz, the
primary component and the second order harmonic of
the square-wave signal would be significantly attenu-
ated. Finally, this extremely distorted signal was fed
into the NIC circuit. To maintain the balance of the
NIC, the output port was loaded with the same resis-
tance and capacitance as those of the input port. In
the measurement, the resistance R was fixed at 100 €2,

and the capacitive Z1, was tuned to 180 pF to obtain
the optimal compensation.
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Fig. 5. Experimental compensation for an extremely dis-
torted waveform. (a) Experimental results. (b) Simulated
results under the same conditions.

Figure 5(a) shows the original (in green), distorted
(in blue) and compensated (in purple) waveforms cap-
tured by an oscilloscope. For comparison, Fig.5(b)
shows the results simulated under the same condi-
tions. It is seen that after filtering, the waveforms
are extremely distorted and attenuated as expected.
After compensation, however, the severely distorted
waveforms are effectively corrected. The imaginary
part of Zy; simulated in achieving Fig. 5(b) is j0.084,
corresponding to a 0.36-nH inductance in the oper-
ating bandwidth centered at 37.5MHz. It implies
that the 100-pF capacitance in the high-pass filter
has been slightly over-compensated into a weak induc-
tance, which is the essential mechanism behind this
compensation. Since the high-order harmonics of the
original signal are much higher than 100 MHz, the OP
AMP-based NIC is unable to compensate for all the
harmonics. Although the extremely distorted wave-
form is not fully corrected, the compensation effect
can be clearly observed.

In conclusion, we have proposed a non-Foster net-
work based on a floating NIC. Different from conven-
tional NEs, this network can be connected in series
in circuits, exhibiting a non-Foster transmission coef-
ficient that can potentially compensate for waveform
distortions due to Foster frequency dispersions. Sim-
ulation and experiments show that it can be used
to compensate for extremely distorted signals. Be-
ing an active network, it can possess a compact size
and tuneable anomalous frequency responses, exhibit-
ing a unique advantage compared with existing passive
solutions. If wideband OP AMPs such as Texas In-
strument LMHb5401, whose operating bandwidth can
reach 8 GHz, can be used, the proposed NEs would be
able to work at GHz frequencies. The proposed ap-
proach can broaden the conventional applications in
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different areas such as coding metamaterials,[”’] an- [5]
tennas, circuits and systems, and physical-layer signal
processing. (6]
[7]
8]
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