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Abstract: A magnetic-free multifunction nonreciprocal device based on switched delay lines (SDLs)
has been proposed in this paper. It is constructed with two double balanced gyrators (DBGs) and
four baluns, each pair of differential ports of the balun connect the ports at the same orientation of the
two DBGs, respectively. Due to the asymmetry of the clock control signals acting on the switches,
the time reversal symmetry of the transmission line between the Gilbert quad-switch-sets (GQSS)
can be broken to achieve non-reciprocity. It can be used as a circulator, gyrator, or isolator by setting
different control signals. The device has infinite working bandwidth in theory based on the SDLs.
Common mode interference can be better suppressed by using differential transmission structures.
Moreover, power capacity can be improved compared to the previous work. Then, experiments have
been done to verify the device as a circulator. Broadband property and the anti-interference property
have been verified.

Keywords: anti-interference; circulator; gyrator; isolator; magnetic-free; multifunction; nonreciprocal;
power capacity; switched delay lines; ultra-broadband

1. Introduction

In the future, wireless cellular network communication and WIFI will be further improved,
the integrated full-duplex system is expected to improve the channel capacity or communication
speed of wireless cellular networks and WIFL. Circulator and isolator, as full-duplex or decoupling
devices between transmitter and receiver, to avoid self-interference, play an irreplaceable role in
duplex communication systems. The main feature of circulators and isolators are their nonreciprocity.
Conventional nonreciprocal devices usually use magnetic materials such as ferrites [1,2] to achieve
non-reciprocal property. However, the ferrite-based nonreciprocal devices are quite bulky and difficult
to be integrated, which limits its further miniaturization. Moreover, non-reciprocal is exceptionally
strong in structures with near-zero parameters, which is expected to be used to design nonreciprocal
devices [3,4]. However, it has not been fully carried out and explored. So, several magnetic-free devices
have been proposed to realize integration of nonreciprocal devices [5-17].

For magnetic-free nonreciprocal devices, there are several ways to realize them. Reciprocity can
be broken with active transistors, either in discrete circuits or integrated circuits [5,6]. However, the use
of active transistors severely limits the linearity and noise performance. Reciprocity can also be broken
using nonlinearities [7]. However, nonlinear devices typically exhibit non-reciprocity over a limited
range of signal powers, and have limited bandwidth, precluding their application in scenarios where
linearity to the desired signal is required. Parametrically modulated coupled-resonator loops have been
proposed to construct the magnetic-free circulators with subwavelength dimensions [8,9]. However,
they will produce intermodulation and harmonic products, and the working bandwidth is limited.
At microwave frequencies, permittivity modulation is typically achieved using varactors that exhibit a
limited maximum-to-minimum capacitance ratio ranging from 2 to 4, thus leading to large devices.
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Shihan Qin et al. proposed the time varying transmission lines (TVTL) to construct magnetic-free
nonreciprocal devices [8], where the distributed capacitive mixers are used to the TVIL. When the
direction of the transmission signal is the same as the carrier’s, the transmission signal will mix with
the carrier. However, if the transmission signal and the carries are in opposite directions, they will
not mix up. So, the TVTL can be used as a frequency conversion isolator or a circulator. However,
a lengthy circuit is needed to realize the spectrum shift. Reiskarimian et al. proposed a staggered
commutation theory to realize magnetic-free circulators, and fabricated an integrated circulator for
the first time [11,12]. However, this design has limited power handling ability and is hard to work at
millimeterwave band. Nagulu et al. proposed a new kind of TVTL which is called SDL, to realize
magnetic-free circulator working at millimeterwave band [13-15]. However, the working band of the
circulator is limited. Ultra-wideband circulators have been proposed in previous work based on the
balanced gyrator (BG) and double balanced gyrator (DBG), respectively [15]. Adjusting the clock control
signal, the DBG can be used as a frequency conversion isolator [15]. However, the anti-interference
performance and power capacity of the ultra-broadband circulator based on the DBG are limited. Also,
the bandwidth of the frequency conversion isolator is limited.

In this paper, a magnetic-free nonreciprocal multifunction device, which can be used as a circulator,
gyrator, or isolator by changing the clock control signals, is proposed. Besides, the anti-interference
performance and power capacity of the device can be improved at the same time by using differential
transmission line segments. It also has infinite working bandwidth in theory. The properties mentioned
above can be realized at the same time in this work. This paper is organized as follows:

Section 2 introduces the principle of the magnetic-free nonreciprocal device as a gyrator, circulator,
and isolator. Section 3 presents the simulation verification of the device as a circulator and isolator,
and the anti-interference performance of the device is also verified. Section 4 presents the experiment
of the device as a circulator. Finally, a conclusion is made in Section 5.

2. Principle of the Device

The schematic of the proposed device is shown in Figure 1, which consists of two DBGs and four
baluns. Each pair of differential ports of the balun connect the ports at the same orientation of the two
DBGs, respectively. The GQSS in the DBG are controlled by the clock signals. The switch keeps on (off)
when at a high (low) level of the control signal acting on the switches.
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Figure 1. Schematic of the proposed magnetic-free device.

2.1. Gyrator

For the gyrator, keeping the clock control signal is shown in Figure 1. Regard port 1(2) and port
3(4) as port 1+ (1-) and port 2+ (2—), respectively. The device can be regarded as a two-port network.

When the transmission signals are input from port 1 and port 3, the output signals at port 2 and
port 4 can be written as:
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Where V3 (t), V3 (t) are the transmission signal at port 1(2) and port 3(4), respectively. Sn(t) (n =1,
2, 3, 4) is the clock control signal. T5 is the period of the clock signals. The clock signals of the right
switches are delayed with respect to the left switches by a value which equals to the propagation delay

of the delay line T5/4.
When the transmission signals are input from port 2 and port 4, the output signals at port 1 and

port 3 can be written as:
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The scattering parameter matrix of DBG can be written as:
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From Equation (2), the nonreciprocal phase property of the gyrator is also frequency independent.
Transmission procession of the signals in the device as a circulator or gyrator is shown in Figure 2.
When signals are input from port 1 (1+) and port 2 (1-), they will be transmitted to port 3 (1+) and
port 4 (1-); when signals are input from port 3 (2+) and port 4 (2—), they will be transmitted to port 2

(1-) and port 1 (1+).
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Figure 2. Transmission procession of the signals in the gyrator (circulator).

2.2. Circulator

As for the circulator, the DBG proposed in previous work can be considered as an ultra-broadband
single-ended four-port circulators, which has been verified by R. Lu et al. [16]. However, it has limited
power capacity and anti-interference performance by using single-ended transmission structures.
Assuming the DBG is a well-matched four-port network without considering the bandwidth and
dispersion of the transmission line, the scattering parameter matrix can be written as:

0 0 0 Jw3g
. Ts
i
¢ " o 0 0 )
0 % 0 0
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Ts is the period of the clock signals. The clock signals of the right switches are delayed with respect
to the left switches by a value which equals to the propagation delay of the transmission line T5/4. And w
represents the transmission frequency. For the differential transmission circulator (DTC), combine the
two DBGs with four frequency-independent baluns shown in Figure 1. The scattering parameter
matrix can also be written as Equation (4). The nonreciprocal property is frequency independent.

2.3. Isolator

For lower DBG structures in the DTC, setting S1(t), S2(t), S3(t), S4(t) as DC voltages. S1(t) and
S3(t) acting on the lower DBG are at the high level to keep the switches on; S2(t) and S4(t) acting on
the lower DBG are at the low level to keep the switches off. Thus, the lower DBG can be regarded as
a pair of reciprocal transmission line segments. The clock control signals acting on the upper DBG
keep the same as shown in Figure 1. Thus, the device can be regarded as a magnetic-free isolator
called a differential transmission isolator (DTI), which is similar in the previous work [17]. However,
the Wilkinson power splitters (combiners) are replaced by the baluns in this paper, which can suppress
the common mode signals. So, the reverse transmission signals can be designed as the common signals
to be suppressed by the baluns.

The transmission process of the signals is shown in Figure 3. When a pair of differential signals
input from port 1+ and 1-, the baluns divide the two sets of signals into four sets of signals with
equivalent power. Then, the signals will be combined at the baluns with antiphase at port 2+ and 2—
respectively. Finally, the signals will be output from port 2+ and 2—.
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Figure 3. Transmission procession of the signals in the isolator. (a) Input from port 1+ (1-); (b) Input
from port 2+ (2-).
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When a pair of differential signals are input from port 2+ and 2—, respectively, the signals will
be combined in phase at the baluns at port 1+ and 1-, respectively. So, the signals can be regarded
as common mode signals. The common mode signals will be suppressed significantly by the baluns.
Assume that small parts of signals are reflected back to the baluns at port 2+ and 2—, the signals will be
combined in phase at the baluns twice. So, the reverse signals can be further suppressed. And the
remained signals will be reflected back to the baluns at port 1+ and 1-. Finally, the remained signals
will be output from port 1+ and 1-. However, the output signals have been suppressed significantly.

3. Simulation Verification of the Device

The harmonic balance module in the Keysight Advanced Design System (ADS) simulation
software was used to get the spectrum results of the device, to verify ultra-broadband properties.
Assuming all the transmission line segments with no dispersion and have a delay time of Ts/4 = 0.5 ns.
The phase relationships between the clock signals are the same as shown in Figure 1. The frequency
range of the input signal is from 0.1 to 1 GHz, with a step size of 0.1 GHz. The input power is set as
10 dBm.

3.1. Circulator

For the DTC, the results shown in Figure 4 indicate that the transmission direction of the DTC is
1-2-3-4-1. Throughout the simulation band, the insertion loss is lower than 0.1 dB along the transmission
direction. The reverse isolation is higher than 50 dB. And it is increased gradually with the frequency.
The second isolated port has isolation higher than 80 dB throughout the simulation band.
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Figure 4. Simulation results of the DTC. (a) Input from port 1; (b) Input from port 2; (c) Input from port
3; (d) Input from port 4.
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When the device is used as a 4-port circulator, the transmitter, receiver, and antenna can be
connected to port 1, port 2, and port 3, respectively; the matching load is expected to be connected to
port 4 so that the transmitter and receiver have enough isolation.

In order to verify the advantage of the DTC in anti-interference performance, two noise modules
were built up, shown in Figure 5. As the noise is usually generated from a single noise source,
a common mode interference is added at port 1 of the DTC, and a single noise source is added at port 1
of the single-ended transmission circulator (STC), which is constructed by a DBG.

Noise [=e—1 2= Balun |—o | Noise 1 o
source source
DTC DBG
o— Balun [—3 4F—3— Balun |—o 3 4
(a) (b)

Figure 5. Noise module of the circulators. (a) Noise module of the DTC; (b) Noise module of the STC.

The power of the noise interference is set as 10 dBm. The frequency range of the common mode
interference is from 0.1 to 1 GHz, with a step size of 0.1 GHz. From the results shown in Figure 6a.
The common mode interference can be suppressed over 60 dB throughout the simulation band, which is
similar to the situation as a gyrator. As for the STC, the results are shown in Figure 6b which indicate
that the interference cannot be suppressed. Thus, the anti-interference performance can be improved
compared to the STC.
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Figure 6. Spectrum simulation results of the DTC and the STC. (a) DTC; (b) STC.

Besides, the DTC has a higher power capacity than the STC. By using ultra-broadband baluns,
which can be regarded as power splitters (combiners), the DTC can theoretically raise 3 dB power
capacity compared to the STC. Thus, the circulator can be better protected.

3.2. Isolator

For the isolator, spectrum simulations have been done to verify it, which have the same simulation
settings as mentioned above. The simulation results are shown in Figure 7. Throughout the simulation
band, the insertion loss is lower than 0.1 dB along the transmission direction. The reverse isolation
is higher than 70 dB, which is increased gradually with the frequency. So, it can be used as an
ultra-broadband isolator.
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Figure 7. Spectrum simulation results of the isolator. (a) Input from port 1+ (1-); (b) Input from port
2+ (2-).

A common mode noise source has been added to the isolator to verify the anti-interference
performance. The noise module is shown in Figure 8. Two situations are considered: (1) The common
mode noise is input from port 1+ (2+) and 1— (2—) of the isolator, respectively. (2) The common mode
noise is input from one side of the two reciprocal transmission line segments and DBG, respectively.

DBG DBG
Noise Noise
source Balun —o 10 e Balun |—o
— -0 I
2-
(a) (b)

Figure 8. Noise module of the isolator. (a) Input from port 1+ and 1—; (b) Input from the DBG and two
reciprocal transmission line segments, respectively.

The simulation results are shown in Figure 9. The spectrum results show that the isolator has
a significant suppression of the common mode signals over the entire simulation band in these two
situations. The suppression of the common mode signals is higher than 70 dB when the common
mode noise is input from port 1+ and port 1- throughout the simulation band. The suppression is
higher than 75 dB when it is input from the DBG and two reciprocal transmission lines throughout the
simulation band. The average suppression of the situation (2) is about 40 dB higher than the average
suppression of the situation (1).

In summary, the device is easy to be integrated without the use of ferrite materials.
Besides, according to the simulation results, the device has ultra-broadband working bandwidth,
well anti-interference, and high isolation for the reverse signal. However, the device needs very
accurate clock control signals and the delay lines with precise length to ensure the performances.
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Figure 9. The spectrum of the common mode noise of the isolator. (a) Input from port 1+ and 1-;
(b) Input from the DBG and two reciprocal transmission line segments, respectively.

4. The Experiments of the Magnetic-Free Nonreciprocal Device

A prototype was made to verify the broadband and anti-interference properties, as shown in
Figure 10, which is also inspired by the previous work [9]. In this design, the GQSS in the DBG were
made of 1.6-mm FR-4 printed circuit broad (PCB), and four Minicircuits” single-pole-double-throw
(SPDT) switches. The typical transition time of the swithes is 4 ns. The balun was made of 1.6-mm FR-4
PCB and a Minicircuits” ADTL1-12+ RF transformer. The working band of the balun is 20~1200 MHz.
The transmission line segments were realized by four 7-meter coaxial cables. The matching loads
were realized by 50Q) end caps. The four clock signals were generated by four synchronized Tektronix
AFG31023C signal generators, and the frequency of the clock signals in this design was chosen as
6.9 MHz. The N5244A network analyzer is used to measure out the S parameters. The insertion loss of
the coaxial cable is increased with frequency. Therefore, the signals higher than 1.2 GHz is not obtained.
Moreover, limited by the bandwidth of the baluns, the measurement band is chosen as 10~1200 MHz.

Figure 10. The prototype of the magnetic-free nonreciprocal device.

The measured S-parameters are shown in Figure 11. From the results, the transmission direction
of the circulator is 1-2-3-4-1. The results show that the return loss is higher than 10 dB throughout
the band of 200~1200 MHz. So, the circulator has broadband property. The minimum insertion loss
of the circulator is about 7 dB. It is generally increased with the frequency. The delay error of the
transmission line segments and duty cycle error of the clock signals are the main reason that increase
the insertion loss. Besides, the transmission line segments and the baluns also influence the insertion
loss. The reverse isolation is higher than 36 dB throughout the measurement band. The average
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deviation of the simulation and the experiment is 25 dB within the band of 0~1000 MHz, which is
caused by the error of the clock control signals and the amplitude and phase imbalance of the baluns.
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Figure 11. The measured S parameters of the magnetic-free nonreciprocal device. (a) Port 1 and port 2.
(b) Port 1 and port 2. (c) Port 1 and port 2. (d) Port 1 and port 2.

The broadband balun chose in this paper is about —10 dB throughout the band of 20~1200 MHz.
Also, due to the phase and amplitude imbalance of the baluns, the return loss of the structure is not
high. The return loss of the DTC can be increased by designing the balun, which is well-matched and
has low amplitude and phase unbalance in the broadband range.

The delay error of the coaxial cables and the duty cycle error of the clock signals have significate
impacts on the insertion loss of the DTC. The insertion loss can be reduced by using advanced
integration technology to make subnanosecond switches, precise delay lines, and produce high quality
clock signals.

To verify the anti-interference performance of the circulator, replace one balun in the circulator
with a Wilkinson power splitter to generate a pair of co-phase equal amplitude signals as the common
mode signal. The prototype is shown in Figure 12. The working band of the Wilkinson power splitter
is 380~2500 MHz. Two ports with baluns in the circulator are connected with two 5002 end caps
respectively. The other two ports are connected with the PNA network analyzer. The measurement
results are shown in Figure 13. The result shows that the suppression of the common mode signal
is higher than 40 dB throughout the band of 20~1200 MHz, which indicates that the circulator can
effectively suppress common mode interference within the broadband range. The average deviation of
the simulation and the experiment is 44 dB within the band of 400~1000 MHz.
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Figure 13. The measured S parameters of the anti-interference testing module.

With the limitation of the experimental conditions, the delay error of the transmission line
segments and duty cycle error of the clock signals cannot be avoided. The two kinds of errors have
significant impacts on the insertion loss. The signals pass through the DBG, and reciprocal transmission
line segments, respectively, are hard to be combined with equal amplitude at the baluns. As a result,
the magnetic-free nonreciprocal device as an isolator is difficult to be verified by using a PCB circuit.
The experiment of the isolator is expected to be realized in the future by using precise clock signals
and advanced processing technology in the integration circuit.

5. Conclusions

A magnetic-free device has been designed in this paper, which can be used as a gyrator, circulator,
or isolator by only adjusting the clock control signals to achieve multifunctional nonreciprocal
features. Simulation works have been done to verify the ultra-broadband property of the device.
Besides, the anti-interference performance of the device as a circulator and isolator is also verified.
The common mode noise can be significantly suppressed by using differential transmission structures.
Moreover, the power capacity can be improved by 3 dB theoretically compared to the previous
work [15]. The magnetic-free nonreciprocal device as a broadband circulator has been verified by
the experiment. Besides, broadband anti-interference property is also verified. The properties of the
magnetic-free circulators and isolators based on SDL are displayed in Tables 1 and 2, respectively.
From Table 1, compared to the ultra-broadband circulator (UBC) and high linearity circulator (HLC)
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in [15], and single-ended transmission circulator (STC) in [16], the DTC proposed in this paper has
ultra-broadband, well anti-interference performances at the same time. Besides, the DTC has the
largest power capacity. From Table 2, the DTI proposed in this paper has both ultra-broadband and
well anti-interference performances. Moreover, the DTT has the largest power capacity compared to
the other two isolators shown in Table 2. The delay error of the clock signals, delay lines, and the duty
cycle error of the clock signals, which have significant impacts on the insertion loss, can be reduced by
using precise clock signals and advanced processing technology in the integration circuit. Moreover,
exploration of new metamaterials can be considered to improve magnetic-free nonreciprocal devices.

Table 1. The properties of the device as a circulator.

DTC in this Paper UBC in [15] HLC in [15] STC in [16]
Bandwidth Ultra-Broadband Ultra-Broadband Limited Ultra-Broadband
Anti-interference performance Well Limited Well Limited
Power capacity Largest Smallest Medium Smallest

Table 2. The properties of the device as an isolator.

DTI in this paper UDI in [15] FCI in [15]
Bandwidth Ultra-Broadband Ultra-Broadband Limited
Anti-interference performance Well Limited Well
Power capacity Largest Smallest Medium
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