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One of the major challenges in the design of nonreciprocal devices is the application of magnetic bias-
ing. This problem has motivated a flurry of work for the development of magnetless nonreciprocal devices,
with spatiotemporal modulation being one of the most promising approaches to this end. The most fun-
damental nonreciprocal component is the gyrator, which can be the building block of other nonreciprocal
components, like ciculators and isolators. Spatiotemporally modulated (STM) gyrators are typically based
on a pair of frequency converters with different modulation phases, connected through a linear time-
invariant network. Such gyrators are usually designed to operate with a single modulation sideband. In
this paper we argue that this approach is suboptimal and show how adding just one more sideband can
increase the bandwidth by 40% with a lower modulation frequency and the same modulation amplitude.
We present an implementation of the proposed approach based on a double-balanced circuit with Wheat-
stone bridges of varactors, which provides large isolation between the input signal and the sidebands. We
provide a theoretical and an experimental analysis of the circuit with excellent agreement to each other.
In addition to introducing a topology of STM gyrators with improved bandwidth compared with existing
designs, our results highlight a potential connection between the bandwidth of STM devices and their
harmonic order, which might also find applications in other STM systems, like isolators, circulators, and
photonic topological insulators.
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I. INTRODUCTION

Nonreciprocal devices are important in microwave and
photonic systems for protection of sources from reflec-
tions, the design of full-duplex systems, and the design
of quantum-computing systems. Conventional nonrecipro-
cal devices are based on ferrites, which become gyrotropic
when biased with static magnetic fields, but they tend
to be bulky and are difficult to be incorporated in inte-
grated circuit technologies [1,2]. For this reason, there
has been a lot of interest in developing magnetless non-
reciprocal devices. The two main approaches that have
been proposed in this direction include devices based on
transistors [3–6], and spatiotemporally modulated (STM)
devices [7–23]. Transistor-based devices offer nonrecip-
rocal responses over broad bandwidths, but they have
limitations in terms of noise figure and power handling
[24,25]. These hurdles are partially overcome with STM
devices, at the expense of a usually smaller bandwidth.

The most fundamental nonreciprocal device is the gyra-
tor, which exhibits a 180◦ phase difference for transmission
in opposite directions. STM gyrators are typically based
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on cascaded frequency converters with different modu-
lation phases [13,26–33]. The frequency converters can
be in the form of time-modulated reactive elements or
switches, and their role is to modify the phase of a sig-
nal as it is converted to other frequencies by amounts that
are equal to the modulation phases. With the exception of
a limited number of recent works [29,31,32], STM gyra-
tors based on reactive elements are typically designed to
operate via a single sideband and have limited bandwidths
[1,26,28,30]. On the other hand, switched-based gyrators
operate via a large number of sidebands and have broad
bandwidths [15,33,34]. This fact suggests a possible con-
nection between the bandwidth and harmonic index of
STM devices, which could be used to expand their band-
width without increasing their modulation parameters.

Here we show that the bandwidth of STM gyrators
can be substantially expanded with the same modulation
amplitude and a smaller modulation frequency by increas-
ing their harmonic order, i.e., the number of sidebands that
can propagate through them. We demonstrate this effect for
a dual-sideband gyrator based on double-balanced mixers
of varactors, and show that such a topology is ideal for
the design of STM devices, because it provides large iso-
lation between the input signal and the sidebands, without
the need of filters. We provide a theoretical analysis for the
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circuit and present an experimental prototype at 1 GHz,
with a response in very good agreement with the theory.
Our analysis unveils a fundamental relation between the
bandwidth and the harmonic order of STM devices, which
can be important in the design of other STM devices, like
circulators, isolators, and photonic topological insulators.

The paper is organized as follows. In Sec. II we present a
general theoretical analysis for single- and dual-band gyra-
tors and discuss the advantages of the latter with respect to
the former in terms of the bandwidth. In Sec. III we present
an implementation of a dual-band gyrator based on double-
balanced mixers and present a theoretical analysis for it.
Section IV presents the results of an experiment that vali-
dates the theory. Finally, in Sec. V we provide conclusions
and possible future directions.

II. SINGLE- VERSUS DUAL-SIDEBAND
GYRATORS

The simplest architecture of an STM gyrator comprises
of two frequency converters connected through a linear
network, as in Fig. 1(a). The converters are modulated
with the same frequency but different phases. In principle,
a network like this supports multiple sidebands ω ± n�,
where ω is the frequency of an input signal, � is the
modulation frequency, and n an integer. However, in prac-
tice, the most significant sidebands are those of first order
(n = 1), and higher-order ones are usually neglected. Fur-
thermore, it is a common practice to design the circuit so
that only one of the two first-order sidebands (i.e., either
n = 1 or n = −1) is significantly excited and the other one
is suppressed. Such selectivity is achieved, for example,
by designing the linear network between the converters
to exhibit a low impedance at one sideband and a high
impedance at the other. A practical example of such a
gyrator is shown in Fig. 1(b). In this circuit, the linear net-
work between the converters is the series combination of
the inductor L and the static capacitance of the varactors,
and is a first-order band-pass filter. The inductors L0 in

(a)

(b)

FIG. 1. (a) Generic architecture of an STM gyrator. (b) The
most common circuit of STM gyrators.

series with the input and output ports are added to pre-
vent the flow of the sidebands to the ports and achieve
matching at frequency ω, and can be considered part of
passive matching networks at the ports. The property of
frequency converters that is important in the design of
the gyrator is the transfer of the modulation phase to the
converted signal. For example, the phases of the upper
and lower sidebands after the first frequency converter in
Fig. 1 are shifted from the phase of the input signal by
φ1 and −φ1, respectively. As these sidebands are transmit-
ted through the second frequency converter and converted
back to the original frequency ω, their phases experience
an additional change of −φ2 and φ2 for the upper and
lower sideband, respectively. Then, a connection of two
frequency converters with different modulation phases, as
in Fig. 1, exhibits different transmission phases in opposite
directions. Specifically, if φ is the phase of the linear net-
work between the converters, the transmission phase from
left to right and reverse is φ21 = φ1 + φ − φ2 and φ12 =
φ2 + φ − φ1, respectively, for operation via the upper side-
band, and φ21 = −φ1 + φ + φ2 and φ12 = −φ2 + φ + φ1
for operation via the lower sideband. As a result, transmis-
sion in opposite directions occurs with a phase difference
φ21 − φ12 = ±2(φ1 − φ2). For a gyrator, the phase dif-
ference is equal to π , leading to φ1 − φ2 = ±π/2, i.e.,
a quadrature modulation for the frequency converters.
Assuming that φ1 = 0 and φ2 = −π/2, the transmission
coefficients in opposite directions take the form

S21(ω) = −S12(ω) = ±jM 2H(ω ± �), (1)

where M is the modulation amplitude and H(ω) is the
frequency response of the linear network between the con-
verters. For a linear network with a first-order band-pass
response, as the circuit in Fig. 1(b),

H(ω) = A
ω − ω0 − j γ

, (2)

where ω0 is the resonance frequency, γ the decay rate,
and A a complex-valued constant. Replacing Eq. (2) into
Eq. (1) gives

S21(ω) = −S12(ω) = ± jM 2A
ω ± � − ω0 − j γ

, (3)

showing that the gyrator exhibits a band-pass response
with a center frequency ω0 − � or ω0 + � for operation
via the upper or lower sideband, respectively, and a band-
width 2γ , equal to the bandwidth of H(ω). Assuming
a power efficiency η2, defined as the ratio between the
transmitted and absorbed powers, and assuming a matched
circuit at the center frequency, the transmission coefficients
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become

S21(ω) = −S12(ω) = ±ej α j ηγ

ω − ω0 − j γ ± �
, (4)

where α is a phase that depends on the linear network.
Such phase can be absorbed in the definition of the ports
and, therefore, will be taken equal to 0 from this point on.
Equation (4) is in perfect agreement with the transmission
coefficient found from the rigorous solution of the circuit
in Fig. 1(b), as shown in Appendix A.

The preceding analysis is valid under the condition of a
single-sideband excitation. This condition is satisfied for
� � γ , so that the input frequency bands that lead to
upper and lower sidebands within the pass band of H(ω)

do not overlap. For example, the upper sideband falls
within the pass band of H(ω) for input frequencies

ω0 − γ − � < ω < ω0 + γ − �. (5)

For the lower sideband, this condition is

ω0 − γ + � < ω < ω0 + γ + �. (6)

To avoid overlapping between these bands, we need ω0 +
γ − � < ω − γ + �, which leads to � > γ . The oppo-
site case is � of the same order as γ , which would result
in excitation of both sidebands, effectively creating two
channels between the ports, and leading to a bandwidth
increase. Each of these channels is characterized by a trans-
mission coefficient as in Eqs. (1) and (4), resulting in a net
transmission coefficient

S21(ω) = −S12(ω) = jM 2[H(ω + �) − H(ω − �)], (7)

or

S21(ω) = −S12(ω) = − j 2ηγ�

(ω − ω0 − j γ )2 − �2 . (8)

Apart from a difference in the phase, which can be can-
celled via a shift of the reference planes of the ports, this
expression is in perfect agreement with the transmission
coefficient obtained through a rigorous solution of the cir-
cuit in Fig. 1 under dual-sideband operation (Appendix A).
The modulus of the transmission coefficient is plotted in
Fig. 2 against �/γ and (ω − ω0)/γ . For � � γ , the
response consists of two separate pass bands centered at
ω0 ∓ � with a bandwidth 2γ . This regime corresponds
to single-sideband excitation, as described above, and it
could be used in the design of dual-band gyrators. As �

decreases, these bands come closer to each other and, for
� = γ , they form a single band centered at ω0 with a
bandwidth 2

√
2γ . Therefore, dual-sideband operation with

� = γ leads to a 40% bandwidth increase with a smaller

FIG. 2. Transmission coefficient |S21| against (ω − ω0)/γ and
�/γ for a dual-sideband gyrator.

modulation frequency. For � = γ , the square modulus of
the transmission coefficient takes the form

|S21(ω)|2 = 4ηγ 4

(ω − ω0)4 + 4γ 4 , (9)

which is the response of a second-order flat-top (Butter-
worth) filter. The existence of the second sideband effec-
tively increases the order of the network and results in a
broadening of its bandwidth. If � is further reduced to a
value smaller than γ , there is a single transmission peak at
ω0 that decreases with decreasing �. We refer to this case
as the subcritical regime.

III. DOUBLE-BALANCED GYRATOR

At first sight, the circuit in Fig. 1(b) might seem a good
candidate for the design of a dual-sideband gyrator. How-
ever, it suffers from a significant drawback that prevents it
of being used so. For dual-sideband operation, the branch
between the varactors needs to exhibit a low impedance
for both sidebands ω ± �. Then, it will also exhibit a low
impedance at the input frequency ω, establishing a direct
path between the ports. Such a path would be reciprocal
and would dilute the nonreciprocal response of the side-
bands. A possible solution to this problem could consist
of increasing the order of the filter between the varactors
to achieve an impedance with zeros at ω ± � and a pole
at ω. However, in addition to increasing the complexity of
the circuit, such a solution would most definitely lead to a
narrower bandwidth than for a single-sideband operation.
This is probably the reason why the circuit in Fig. 1(b) has
never been used in the dual-sideband regime, despite being
known since the 1950s.

This problem can be overcome with the double-balanced
circuit in Fig. 3, where varactors are replaced by differ-
entially modulated Wheatstone bridges (double-balanced
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mixers). Each bridge consists of four varactors with the
same dc capacitance and a 180◦ modulation phase differ-
ence for the varactors on opposite sides. The input signal
is differentially applied to terminals L and R, and the side-
bands are collected from terminals B and U. The linear
networks between the bridges are realized though paral-
lel inductors, which together with the static capacitance of
the bridges lead to first-order band-pass filters. The loss of
the circuit is modeled through resistors in parallel with the
inductors and accounts for the loss of both the varactors
and the inductors. The advantage of this topology is that
it provides isolation between the external (L and R) and
internal (U and B) terminals without filters, by using the
orthogonality of the modes at these terminals. The differ-
ential application of the input signal at L and R results in a
virtual ground at B and U, preventing the flow of this signal
to the internal branches of the circuit. For the same reason,
L and R are virtual grounds for the signals flowing through
the internal branches, preventing the flow of these signals
to the external ports. The only way that the input signal
and the sidebands can couple is through the modulation,
which is applied in a differential manner to compensate the
opposite parity of the input signal and the sidebands. In
other words, with this architecture, coupling between the
external and the internal branches is possible only through
frequency conversion, making it ideal for dual-sideband
operation.

By definition, a differential excitation means VL = −VR.
This fact combined with the inversion symmetry of the
circuit with respect to P [Fig. 3(b)] suggests that all volt-
ages and currents have an odd inversion symmetry with
respect to P. Specifically, the voltages at terminals U and
B are opposite and the currents flow as in Fig. 3(b). Then,
Kirchhoff’s laws give

I1(t) = C
d
dt

[[
1 + M cos(�t + θ)

][
VL(t) − VU(t)

]]
,

(10a)

I2(t) = C
d
dt

[[
1 − M cos(�t + θ)

][
VL(t) + VU(t)

]]
.

(10b)

The currents and voltages at the L/U ports are found as

IL(t) = I1(t) + I2(t) = 2C
d
dt

[
VL(t) − d(t, θ)VU(t)

]
,

(11a)

IU(t) = I2(t) − I1(t) = 2C
d
dt

[
VU(t) − d(t, θ)VL(t)

]
,

(11b)

where d(t, θ) ≡ M cos(�t + θ) and θ is the modulation
phase of the bridge (0◦, −90◦, 90◦, and 0◦ for the top-left,
top-right, bottom-left, and bottom-right bridges, respec-
tively). Applying a Fourier transform to these equations,

(a)

(b)

FIG. 3. (a) Double-balanced gyrator. (b) One bridge of the
gyrator.

they are converted to

IL(ω) = j 2ωC
[

VL(ω) − M
2

ej θVU(ω − �)

− M
2

e−j θVU(ω + �)

]
, (12a)

IU(ω) = j 2ωC
[

VU(ω) − M
2

ej θVL(ω − �)

− M
2

e−j θVL(ω + �)

]
. (12b)

Equations (12a) and (12b) indicate that signals at the
L/R and U/B terminals have frequencies ω, ω ± 2�, . . .
and ω ± �, ω ± 3�, respectively. However, by having two
paths with a 90◦ modulation phase difference (paths con-
sisting of bridges 1 and 2, and 3 and 4), the tones ω ±
2�, . . . at the L/R ports and ω ± 3�, . . . at the U/B ports
are cancelled, leaving only frequencies ω and ω ± � at the
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L/R and U/B ports, respectively. Combining Eq. (12) with
the rest of the equations of the circuit, we can work a solu-
tion and find the following admittance matrix between the
external ports (Appendix B):

Y(ω) =
[

Y1(ω) Y2(ω)

−Y2(ω) Y1(ω)

]
. (13)

Here

Y1(ω) = Ys(ω) + a+(ω) + a−(ω), (14a)

Y2(ω) = j
[
a+(ω) − a−(ω)

]
, (14b)

a±(ω) = M 2C2ω(ω ± �)

Y(ω ± �)
, (14c)

Ys(ω) = j 4ωC, (14d)

Y(ω) = j 2ωC + 1
j ωL

+ G, (14e)

where Ys(ω) is the admittance of the branches connected
to the ports, which, for the circuit in Fig. 3(b), depends
only on the capacitance of the varactors. More generally,
Ys(ω) is the admittance of the matching networks con-
nected to the ports. Here Y(ω) is the admittance of the
parallel combination of the bridges, the inductors, and the
resistors.

The S parameters can be found from the Y parameters
as [35]

S11 = S22 = (Y0 − Y1)(Y0 + Y1) − Y2
2

(Y0 + Y1)2 + Y2
2

, (15a)

S21 = −S12 = 2Y2Y0

(Y0 + Y1)2 + Y2
2

. (15b)

For frequencies close to the resonance of the circuit, these
expressions simplify as (Appendix B)

S11(ω) = −1 − j
2ηγ (ω − ω′

0 − j γ )

(ω − ω′
0 − j γ )2 − �2 ej α , (16a)

S21(ω) = 2ηγ�

(ω − ω′
0 − j γ )2 − �2 ej α , (16b)

where

ω′
0 = ω0 + ω0M 2

8
(
1 + 1

4Q2
C

) (17)

is the resonance frequency when modulation is on, ω0 =
1/

√
2LC is the resonance frequency when there is no mod-

ulation, QC = Y0/(2ω0C) is the Q factor of the bridges
with respect to the impedance of the ports, γ = γi + γm

(a) (b)

(c) (d)

FIG. 4. Comparison between the exact and approximate for-
mulas for S21 of the gyrator: (a) M = 0.3 and � = 0.02ω0, (b)
M = 0.6 and � = 0.02ω0, (c) M = 0.3 and � = 0.04ω0, (d)
M = 0.6 and � = 0.04ω0. In all cases, ω0 = 2π GHz, Z0 =
50 �, C = 2 pF, and Qi = ω0/(2γi) = 100.

is the total decay rate, γi = G/(4C) is the decay rate due to
loss,

γm = ω0M 2

16QC
(
1 + 1

4Q2
C

) (18)

is the radiative decay rate, η = γm/γ is the efficiency, and
α = 2 tan−1[1/(2Qe)]. Note that S21(ω) has the same form
as Eq. (8) for the general model of a dual-sideband gyrator
in Fig. 1. To validate Eq. (16), in Fig. 4 we compare the
approximate S21 with the one obtained through the exact
expressions (15) for various pairs of M and �. The agree-
ment between the approximate and the exact results is very
good in all cases.

Figure 5 plots the bandwidth B = 2
√

2γ , and S21 and S11
at the center frequency ω′

0 against M for � = γ (flat-top
condition), various C, ω0 = 2π GHz, and a dissipation Q
factor Qi = ω0/(2γi) = 100. The transmission and band-
width become maximum and the return loss becomes min-
imum for a capacitance about 1 pF. For this capacitance, a
modulation amplitude of about 0.65 gives an insertion loss
less than 1.5 dB and a bandwidth of about 10%. The opti-
mum capacitance is one that leads to a maximization of η

and γm. From the definition of the efficiency we have

η = γm

γ
= 1 − γi

γi + γm
, (19)

from which we see that η is maximum when γm is max-
imum, which from Eq. (18) can be shown to happen
for QC = 1/2. For ω0 = 2π GHz and Y0 = 1/50 S, this
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(a)

(b)

B

FIG. 5. (a) Bandwidth and (b) S21 and S11 at the center fre-
quency versus M for different C, � = γ (flat-top response),
ω0 = 2π GHz, Z0 = 50 �, and Qi = 100.

condition gives C = 0.8 pF, close to the value deter-
mined from Fig. 5. For a flat-top response, the bandwidth
is B = 2

√
2γ = 2

√
2(γi + γm) and it is maximum also

when γm is maximum. Figure 6 presents the S parameters
of the gyrator versus frequency for an optimum capaci-
tance, M = 0.6, � = γ , and Qi = 100, showing a flat-top
response, as expected from theory.

FIG. 6. The S parameters of the gyrator for M = 0.6, � = γ ,
C = 1 pF, ω0 = 2π GHz, Z0 = 50 �, and Qi = 100.

IV. SIMULATION AND MEASUREMENT
RESULTS

Here we present simulation and measurement results of
the circuit described in Sec. III. A schematic of the real-
ized circuit is shown in Fig. 7. The bridges are made with
varactors, specifically 1SV280 varactors by Toshiba. For
the left- and right-hand side varactors of each bridge we
use a common cathode connection, with the cathode at the
L node in Fig. 3(b), while for the ones on the right-hand
side we use a common anode connection, with the anode
at the R node. Using an opposite polarity for opposite sides
allows us to achieve a 180◦ phase difference in the modula-
tion of the varactors with the same modulation signal. The
dc signals for the biasing of the varactors are applied to
the L and R nodes through large resistors that act as open
circuits for the rf and modulation signals. A differential
biasing scheme with two dc sources with opposite voltages
is used, with the positive and negative voltages applied
to the R and L nodes, respectively, to keep the varactors
reverse biased. Since the varactors act as open circuits at

FIG. 7. The schematic of the proposed circuit.
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FIG. 8. Layout of the proposed circuit.

dc, all the dc voltage drops across them and the voltage
drop across the biasing resistors is negligible, despite the
large value of these resistors.

For the modulation of the varactors, we use one modula-
tion source, the output of which is divided into eight equal
parts with phases of 0◦, 180◦, or ±90◦. Four of these sig-
nals are applied to the U nodes of the bridges and the other
four to the B nodes. The phases of the first four signals are
0◦ and 90◦ for the top bridges from left to right and −90◦
and 0◦ for the bottom bridges in the same order. The other

(a)

(b)

FIG. 9. (a) Modulation and (b) rf parts of the layout. Red and
blue traces represent the top and bottom layers, respectively.

(a)

(b)

40
 m

m

39.7 mm

FIG. 10. (a) Top and (b) bottom layer of the fabricated proto-
type.

four signals (those applied to the B nodes) have phase dif-
ferences of 180◦ with respect to the first four signals. The
modulation signals are generated through a combination of
90◦ and 180◦ hybrids and baluns. Specifically, the output
of the modulation source is split into four signals through
a single 90◦ hybrid followed by two 180◦ hybrids. These
signals are subsequently split into two equal parts with
180◦ phase differences through baluns, and are directed
to the U and B nodes of the bridges. To reduce the cou-
pling between the rf and modulation lines, low-pass filters
are added in the path of the modulation network, taking

TABLE I. Lumped elements.

Element Value

rf part D ∼ 2.12 pF @ Vdc = 3 V
L 3.6 nH
C 39 pF

CB 1000 pF
Modulation part Lm 16 nH

Cm 10 pF
dc part RB 10 k�
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FIG. 11. Measurement setup.

into account that the modulation frequency is significantly
smaller than the rf.

The rest of the circuit is as in Fig. 3, with an exception of
eight additional capacitors in series with the lines between
the bridges (C1–C8 in Fig. 7), the purpose of which is to
provide isolation between the modulation signals at the
right and left sides of the circuit. These capacitors act as
high-pass filters and have a large enough value to block the
modulation signals and transmit the rf ones. Such isolation
capacitors are not necessary between the top and bottom
bridges, due to the symmetry of the circuit and the differen-
tial character of the modulation, which renders the L and R
nodes virtual grounds for the modulation signal, suppress-
ing the coupling between the modulation signals of the top

TABLE II. Measurement equipment.

Part Model Quantity

Power supply E3648A Keysight 1
PNA Microwave

Network Analyzer
N5222A Keysight 1

Oscilloscope DSOX1102A Keysight 1
Signal generator 33611A Keysight 1
Amplifier ZHL-1-2W+ Minicircuits 1

and bottom bridges and providing isolation between the
modulation signals and the rf ports.

Based on the analysis in Sec. III we picked up a dc
varactor capacitance of 3 pF and an interbridge induc-
tance of 8.4 pF as a starting point for the design at 1
GHz. For the numerical analysis, we use ANSYS HFSS for
full-wave simulations of the layout and Advanced Design
System for circuit simulations based on the harmonic bal-
ance method. The layout, shown in Fig. 8, is designed on
a four-layer FR4 substrate with εr = 3.66, tan δ = 0.012,
and a thickness of 0.17 mm. The top layer is used for the
four varactor bridges and part of the modulation network,
specifically the hybrids and the baluns. The bottom layer is
used for the part of the circuit between the bridges, includ-
ing the series capacitors and the shunted inductors, and the
modulation filters. The middle layers are used for bypass
lines, whenever it is necessary. All traces are realized as
grounded coplanar waveguides. To avoid baluns, we added
four rf ports and the differential S parameters are extracted

(a) (b)

(c) (d)

FIG. 12. Experimental, simulated and
theoretical odd-mode S parameters for four
different modulation power: (a) −8 dBm,
(b) −7 dBm, (c) −6 dBm, (d) −5 dBm.
The fitting parameters for the theoreti-
cal results are (a) ω′

0 = 2π × 986 MHz,
γi = 105 MHz, γm = 45 MHz, (b) ω′

0 =
2π × 977 MHz, γi = 105 MHz, γm = 58
MHz, (c) ω′

0 = 2π × 965 MHz, γi = 110
MHz, γm = 78 MHz, and (d) ω′

0 = 2π ×
931 MHz, γi = 120 MHz, γm = 110 MHz.
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through a mixed-mode analysis as

Sdd
11 = S11 − S13 − S31 + S33

2
, (20a)

Sdd
22 = S22 − S24 − S42 + S44

2
, (20b)

Sdd
21 = S21 − S23 − S41 + S43

2
, (20c)

Sdd
12 = S12 − S14 − S32 + S34

2
, (20d)

where the superscript dd indicates differential parameters.
For better visualization, Fig. 9 presents a breakdown of the
layout into its modulation and rf parts, with red and blue
traces representing the top and bottom layers, respectively.
The top and bottom layers of the fabricated prototype are
shown in Fig. 10. The values of the circuit’s elements
are listed in Table I, while the setup and the equipment
used in the experiment are shown in Fig. 11 and Table II,
respectively. Owing to the fact that the available power
from the signal generator is limited, an amplifier is used
to achieve the modulation signal level of 1 W required for
the operation of the circuit.

The differential S parameters are presented in Fig. 12 for
the measured prototype, simulations, and theory for four
different modulation powers. For the simulation results, we
use an inductance of 4.25 nH, slightly larger than the nomi-
nal value of the inductor on the fabricated board, to achieve
good frequency alignment with the measured results. The
dc and modulation voltages had also to be slightly tuned off
their experimental values to compensate for uncertainties
in the values of the lumped elements, especially the C − V
characteristic response of the varactors. The loss of the
inductors in simulations is selected as 1 �, again to achieve
good fitting with the experimental results. The theoretical
results are obtained through Eq. (16) and the fitting to the
experimental results is performed with respect to γi, ω′

0,
and γm. The fitting parameters values are given in the cap-
tion of Fig. 12. The experimental results show an increase
in γm with the modulation power, which is consistent with
Eq. (18), according to which γm is proportional to M 2,
and, therefore, the modulation power. From this model,
one would expect γm to increase proportionally to the mod-
ulation power. This is mostly true for the values of γm in
Fig. 12. For example, between Figs. 12(a) and 12(b), γm
increases by a factor of 1.3 compared with the modulation
power that increases by a factor of 1.26. Deviations from
this trend, which become more pronounced at large mod-
ulation powers, are attributed to higher-order nonlinear
effects in the varactors that result in a nonlinear depen-
dence between M 2 and the modulation power. It can also
be noted that γi increases slightly with increasing modula-
tion power, with a possible explanation being the driving of

the varactor into the forward biasing regime, which would
create a resistive component in its response.

The agreement between the experimental, simulated,
and theoretical results is very good in all cases. The S
parameters show a single peak in the transmission coeffi-
cient, indicating operation in the subcritical regime � < γ .
The fitting of the theoretical expressions to the experimen-
tal results reveals an intrinsic decay rate in the order of 105
MHz (Qi ≈ 30), larger than what was anticipated during
the design of the circuit from the manufacturer-given loss
parameters of the components. Such γi is larger than the
modulation frequency � = 2π × 15 = 94 MHz explain-
ing the subcritical response in the measured results. For
a flat-top response, the modulation frequency would need
to be equal to γ . Assuming a modulation amplitude M =
0.6 and an optimum QC = 1/2 for maximum efficiency
and bandwidth, γ = 246 MHz and a flat-top response
would require a modulation frequency of 40 MHz. The
transmission coefficient in such a case, calculated through
Eq. (16), and would be in the order of −5 dB. Achieving
higher transmission would require components (varactors
or inductors) with lower loss. In agreement with theory,
the results in Fig. 12 show an increase of the transmission
coefficient as the modulation power increases. Further-
more, they reveal a red shift in the resonance frequency

(b)

(a)

FIG. 13. Amplitude and phase of the odd-mode S parameters
for a modulation power of −6 dBm.
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with increasing modulation. Such an effect, which is in fact
opposite than what is expected from Eq. (17), is attributed
to an increasing dc capacitance for the varactors with an
increasing modulation, and is the result of the second-order
nonlinear response of the varactors [10]. Finally, to verify
that the circuits provide the response of a gyrator, Fig. 13
presents the amplitude and phase of Sdd

21 and Sdd
12 . In agree-

ment with the theory, Sdd
21 and Sdd

12 have the same amplitude
and a phase difference of 180◦ over the entire frequency
band of the measurement.

V. CONCLUSION

In this paper we present STM gyrators with dual-
sideband operation, leading to a larger bandwidth and a
lower modulation frequency than the conventional single-
sideband STM gyrators. We present an implementation of
the proposed gyrators based on a double-balanced topol-
ogy that provides isolation between the external and inter-
nal branches of the gyrator without filters. We measure this
circuit and obtain an excellent agreement with theory and
simulations. More broadly, the presented analysis points
into a direction for increasing the bandwidth of reactive
STM devices by increasing the number of sidebands that
can be transmitted in the circuit, and it can find applica-
tions in the design of other STM devices, like isolators,
circulators, and photonic topological insulators.

APPENDIX A: GENERIC MODEL OF AN STM
GYRATOR

To get a deeper understanding of the properties of
STM gyrators, we use the simple model in Fig. 14. The
modulation of the varactors is given by

Ci(t) = C0 + MC0 cos(�t + φi), (A1)

where C0 is the static capacitance, M the modulation
amplitude, � the modulation frequency, and φi the mod-
ulation phase. The input signal coming from the ports has
frequency ω. The circuit is designed so that the branches
in series with the ports allow flow of signals with fre-
quency ω, while the branches between the varactors allow
flow of signals with frequencies ω + � or ω − �. The fre-
quency selectivity of the branches is achieved by designing
them to exhibit a low impedance at the allowed frequency
and a high impedance at other frequencies. For example,
the inductor Ls in series with the ports is selected so that
together with the capacitance of the varactors provides a
low impedance at ω and a high one at ω + � or ω − �.
Similarly, the inductor L between the varactors is selected
so that together with the capacitances of the varactors it
provides a low impedance at ω + � or ω − � and a high
one at ω.

Assume now that the circuit is designed to operate via
the upper sideband ω + �. If voltages and currents are

FIG. 14. A simple model for an STM gyrator.

defined as in Fig. 14, the varactors satisfy the equations [1]

[
V1(ω)

V1(ω + �)

]
= M1(ω)

[
I1(ω)

−I(ω + �)

]
, (A2a)

[
V2(ω)

V2(ω + �)

]
= M2(ω)

[
I2(ω)

I(ω + �)

]
, (A2b)

where

Mi(ω) =
⎡

⎣
1

j ωC′
0

−Me−j φi
j ωC′

0

−Mej φi
j (ω+�)C′

0

1
j (ω+�)C′

0

⎤

⎦ , (A3)

and C′
0 = (1 − M 2)C0. Using these equations we can solve

the circuit for the voltages and current at the ports and
obtain the following impedance matrix:

Z(ω) =
[

Z1(ω) Z2(ω)e−j �φ

Z2(ω)ej �φ Z1(ω)

]
. (A4)

Here

Z1(ω) = Zs(ω) + a+(ω), (A5a)

Z2(ω) = −a+(ω). (A5b)

Zs(ω) = j ωLs + 1/(j ωC′
0) is the impedance of the

branches in series with the ports,

a+(ω) = M 2

ω(ω + �)C′2
0 Z(ω + �)

, (A6)

�φ = φ1 − φ2, and

Z(ω) = R + j ωL + 2
j ωC′

0
(A7)

is the impedance of the branch between the varactors. The
S parameters can be found from the impedance matrix
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as [35]

S21(ω) = 2Z0Z2(ω)ej �φ

[
Z1(ω) + Z0

]2 − [
Z2(ω)

]2 , (A8a)

S12(ω) = 2Z0Z2(ω)e−j �φ

[
Z1(ω) + Z0

]2 − [
Z2(ω)

]2 . (A8b)

Applying Eq. (A5) to these equations gives

S21(ω) = − 2Z0a+(ω)ej �φ

[Zs(ω) + Z0][Zs(ω) + Z0 + 2a+(ω)]
, (A9a)

S12(ω) = − 2Z0a+(ω)e−j �φ

[Zs(ω) + Z0][Zs(ω) + Z0 + 2a+(ω)]
. (A9b)

It is not difficult to show from Eq. (A9) that in the case of
zero loss, i.e., R = 0, the network exhibits unitary trans-
mission at a frequency ω where Zs(ω) = 0 and Z(ω +
�) = 0. From Z(ω + �) = 0, this frequency is found as
ω0 − �, where ω0 = √

2/(LC′
0). Therefore, the network

exhibits a pass band centered at ω′
0 = ω0 − �. The situ-

ation is not expected to change drastically in the case of
low loss, apart from a reduction in the peak transmission
at the center of the pass band. Within the pass band, Zs(ω)

can be taken approximately equal to zero, if the bandwidth
2�ω satisfies the condition

2�ω

ω′
0


 ω′
0Z0C′

0. (A10)

In such a case, Eq. (A8) simplify to

S21(ω) = − 2a+(ω)

2a+(ω) + Z0
ej �φ , (A11a)

S12(ω) = − 2a+(ω)

2a+(ω) + Z0
e−j �φ . (A11b)

To further simplify these expressions, we analyze them
in terms of their poles. To find the poles, we solve
2a+(ω) + Z0 = 0, which can be written in the form

A(ω) = 2M 2 + ω(ω + �)C′2
0 Z(ω + �)Z0 = 0. (A12)

We can see from this equation that in the absence of
modulation (M = 0 and � = 0), the resonances are the

zeros of Z(ω), given by ω̃0 = ±
√

ω2
0 − γ 2

i + j γi, where
γi = R/(2L). For low loss, i.e., γi 
 ω0, this frequency
becomes ω̃0 = ±ω0 + j γi. With modulation on, the reso-
nance frequency is shifted by an amount that depends on
M 2 and �. To the lowest order with respect to M 2 and
�, the change in the resonance frequency can be found
through a perturbative approach. Specifically, if f (x) and
g(ε1, . . . , εN , x) are regular functions of x and εi at x = x0

and εi = 0, x0 is a zero of f (x), and g(0, . . . , 0, x) = 0 for
all x, the equation

f (x) + g(ε1, . . . , εN , x) = 0 (A13)

has a solution

x = x0 + 1
f ′(x0)

∑

i

∂g(0, . . . , 0, x0)

∂εi
εi + . . . , (A14)

with the dots indicating terms of order higher than 1 in εi.
Applying Eq. (A14) to Eq. (A12) and dropping terms of
order higher than 1 in R as well as terms proportional to
M 2R or �R, we find that the resonances of the circuit are
given by

ω̃′
0 = ±ω0 − � + j γ , (A15)

where γ = γi + γm and

γm = M 2

2Z0C′
0

. (A16)

Here γm is the decay rate due to coupling between the
middle branch and the ports induced by the modulation.
Extracting the residue of A(ω) at ω̃′

0 we can approximate
A(ω) in the vicinity of ω̃′

0 as A(ω) ≈ j 2Z0C0(ω − ω0 −
j γ + �). Inserting this approximation into Eq. (A11) gives

S21(ω) = j ηγ

ω − ω0 − j γ + �
ej �φ , (A17a)

S12(ω) = j ηγ

ω − ω0 − j γ + �
e−j �φ , (A17b)

where η = γm/γ is the efficiency of the circuit, i.e.,
the ratio between the radiative and total decay rates.
Equation (A17) validates the existence of a pass band with
a center frequency ω0 − �, in agreement with the previ-
ous discussion. The bandwidth of the pass band is 2γ and
needs to satisfy Eq. (A10) for Eq. (A17) to be valid over
the entire pass band. If R 
 Z0, as is the case for low-
loss components, the bandwidth condition is equivalent to
M 
 ω′

0Z0C′
0, and, considering that M < 1, it is satisfied

for ω′
0Z0C′

0 � 1, i.e., varactors with impedances signifi-
cantly smaller than the port impedance. The solution for
operation via the lower sideband can be obtained from
Eq. (A17) by replacing ω + � with ω − � and �φ with
−�φ.

The preceding analysis is valid for a sufficiently high
� so that Z(ω′

0 − �) = 0 or Z(ω′
0 + �) = 0, and Z(ω0)

is very large. The condition of a large Z(ω0) is necessary
to prevent direct transmission of the input frequency from
one port to the other, which would dilute the nonreciprocal
response of the network [36]. This fact in principle pre-
cludes dual-sideband operation for the circuit in Fig. 14,
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since in a dual-band operation it would be necessary that
both Z(ω′

0 − �) and Z(ω′
0 + �) are close to zero, which

would also entail a low value for Z(ω′
0), leading to a direct

path between the ports [37]. A solution to this problem is
possible with the double-balanced architecture, but for the
sake of understanding the physics of dual-sideband opera-
tion, we ignore the problem for a moment and analyze the
circuit in Fig. 14 as if there is no direct path between the
ports. In other words, we assume that there is some way for
the circuit in Fig. 14 to allow flow of ω ± � only through
the middle branch, and of ω only through the external
branches. In such a case, the voltage and current vectors
in Eq. (A2) would have to be modified to include the volt-
ages and currents at both sidebands, and Eq. (A3) would
become

Mi(ω) =

⎡

⎢⎢⎢
⎣

1
j ωC′

0

−Me−j φi
j ωC′

0

−Mej φi
j ωC′

0

−Mej φi
j (ω+�)C′

0

1
j (ω+�)C′

0
0

−Me−j φi
j (ω−�)C′

0
0 1

j (ω−�)C′
0

⎤

⎥⎥⎥
⎦

. (A18)

Through a similar analysis as for the case of a single side-
band, the impedance matrix between the ports is found
as

Z(ω) = Zs(ω)I + Z+(ω) + Z−(ω), (A19)

where I is the identity matrix and

Z±(ω) =
[

a±(ω) −a±(ω)e∓j �φ

−a±(ω)e±j �φ a±(ω)

]
. (A20)

The S parameters can be found again from the impedance
matrix. A specific case that leads to particularly conve-
nient formulas for the S parameters, which is also the most
important case in practice, is �φ = ±π/2. In this case it
can be shown that

S21(ω) = − 2Z0a+(ω)ej π
2

[Zs(ω) + Z0][Zs(ω) + Z0 + 2a+(ω)]
,

− 2Z0a−(ω)e−j π
2

[Zs(ω) + Z0][Zs(ω) + Z0 + 2a−(ω)]
,

(A21)

and S12(ω) = −S21(ω). The transmission coefficients in
this equation are the sum of the transmission coefficients
for single-sideband operation over the upper or lower side-
bands. Writing Eq. (A21) in terms of the transmission
coefficients in Eq. (A17) we find that

S21(ω) = 2ηγ�

(ω − ω0 − j γ )2 − �2 . (A22)

This expression shows that a dual-band gyrator exhibits the
same response as a second-order band-pass filter, in con-
trast to a single-band gyrator that follows the response of

a first-order band-pass filter. Therefore, a dual-band oper-
ation is expected to lead to a larger bandwidth than a
single-band operation. Specifically, for � = γ , the band-
width of the dual-band gyrator is 2γ

√
2, which is about

40% larger than the bandwidth of a single-band gyrator.

APPENDIX B: DOUBLE-BALANCED GYRATOR

To solve the circuit in Fig. 3(b), we define the auxiliary
variables

V± = Vq ∓ jVp√
2

, (B1a)

I±
1 = IU1 ∓ jIU3√

2
, (B1b)

I±
2 = IU2 ∓ jIU4√

2
, (B1c)

I± = Iq ∓ jIp√
2

. (B1d)

Taking into account these definitions, the fact that VU1 =
VU2 = Vq, VU3 = VU4 = Vp , VL1 = VL3 = V1, and VL2 =
VL4 = V2, and applying Eqs. (12a) and (12b) for each
bridge, we find that

I+
1 (ω) = j 2ωCV+(ω) − j

√
2ωMCV1(ω + �), (B2a)

I−
1 (ω) = j 2ωCV−(ω) − j

√
2ωMCV1(ω − �), (B2b)

I+
2 (ω) = j 2ωCV+(ω) −

√
2ωMCV2(ω + �), (B2c)

I−
2 (ω) = j 2ωCV−(ω) +

√
2ωMCV2(ω − �). (B2d)

The currents at the external ports are given by I1 = IL1 +
IL3 and I2 = IL2 + IL4. Applying Eqs. (12a) and (12b) to
these equations, we find that

I1(ω) = j 4ωCV1(ω) − j
√

2ωMCV+(ω − �)

− j
√

2MωCV−(ω − �), (B3a)

I2(ω) = j 4ωCV2(ω) +
√

2ωMCV+(ω − �)

−
√

2ωMCV−(ω − �), (B3b)

Furthermore, we have the equations

I±(ω) + I±
1 (ω) + I±

2 (ω) = 0, (B4)

I±(ω) = 2
(

G + 1
j ωL

)
V±(ω), (B5)

for the voltages and currents of the parallel combinations
of inductors and resistors between the bridges. The system
of Eqs. (B3a)–(B2d), (B4), and (B5) is solved for I1 and I2,
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giving
[

I1(ω)

I2(ω)

]
=

[
Y1(ω) Y2(ω)

−Y2(ω) Y1(ω)

] [
V1(ω)

V2(ω)

]
, (B6)

where

Y1(ω) = Ys(ω) + a+(ω) + a−(ω), (B7a)

Y2(ω) = j
[
a+(ω) − a−(ω)

]
, (B7b)

a±(ω) = M 2C2ω(ω ± �)

Y(ω ± �)
, (B7c)

Ys(ω) = j 4ωC, (B7d)

Y(ω) = j 2ωC + 1
j ωL

+ G. (B7e)

The S parameters can be found from the Y parameters
as [35]

S11 = S22 = (Y0 − Y1)(Y0 + Y1) − Y2
2

(Y0 + Y1)2 + Y2
2

, (B8a)

S21 = −S12 = 2Y2Y0

(Y0 + Y1)2 + Y2
2

. (B8b)

By replacing Y1 and Y2 from Eqs. (B7a) and (B7b) into
these equations we can factorize them as

S11 = S22 = 1
2

−Y++Y0

Y++Y0
+ 1

2
−Y−+Y0

Y−+Y0
, (B9a)

S21 = −S12 = j 2Y0a+
(Y0 + Ys)(Y0 + Y+)

− j 2Y0a−
(Y0 + Ys)(Y0 + Y−)

, (B9b)

where

Y+(ω) = Ys(ω) + 2a+(ω), (B10a)

Y−(ω) = Ys(ω) + 2a−(ω). (B10b)

To simplify Eq. (B9b), we follow a similar analysis as for
the circuit in Fig. 14 in Appendix A except that now we
keep Ys(ω). The S parameters found through such analysis
are

S11(ω) = −1 − j
2ηγ (ω − ω′

0 − j γ )

(ω − ω′
0 − j γ )2 − �2 ej α , (B11a)

S21(ω) = 2ηγ�

(ω − ω′
0 − j γ )2 − �2 ej α , (B11b)

where

ω′
0 = ω0 + ω0M 2

8
(
1 + 1

4Q2
C

) (B12)

is the resonance frequency when modulation is on, ω0 =
1/

√
2LC is the resonance frequency when there is no mod-

ulation, QC = Y0/(2ω0C) is the Q factor of the bridges
with respect to the impedance of the ports, γ = γi + γm
is the total decay rate, γi = G/(4C) is the decay rate due to
loss,

γi = ω0M 2

16QC
(
1 + 1

4Q2
C

) (B13)

is the radiative decay rate, and η = γm/γ is the efficiency.
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