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ABSTRACT

Magnetless Non-reciprocal Microwave Components Based on Spatial

Temporal Modulation of Higher Order Coupled Resonators

Full duplex communication has gained tremendous interest over the past few years. This
is because, it can theoretically double the maximum achievable data rate in a given
bandwidth. This is achieved by allowing the simultaneous transmission and reception over
the same channel. Such an increase in the data rate, or spectrum efficiency in general, has
the potential to be used with future cellular network in order to support applications with
heavy data traffic demands, such as autonomous vehicles, virtual reality, and the internet-
of-things. A bottleneck challenge facing full-duplex communication is the problem of self
interference, which is caused by the leakage of the high power transmitted signal into the
receiver. The self-interference can be stronger than the desired signal by 90dB or more
causing the receiver to de-sensitize. To suppress the self-interference, a circulator is needed
at the antenna-air interface to provide a 20-25 dB of isolation between the transmitter and
the receiver.

Circulators are non-reciprocal devices that allow only one direction of wave propaga-
tion. Traditionally, they are designed using ferromagnetic materials biased by either a
magnet or a current. As a result, they are bulky in size and expensive. Moreover, ferro-
magnetic materials are non-compatible with IC fabrication processes, therefore it hinders
the integration of the circulator with the transceiver RFICs. Consequently, circulator-
based full-duplex transceivers are deemed impractical. Recently, space-time modulation
of the dielectric permittivity is shown to break the reciprocal signal transmission response.
Upon modulating the permittivity of conventional substrates by a sinusoidal signal that
traverses the substrate in clockwise/anti-clockwise direction, a preferred sense of rotation
is imparted. As a result, at a given frequency only one direction of propagation is allowed.
This is analogues to the alignment of magnetic dipole moments of magnetic material upon

biasing it by an external magnetic field, which breaks the bi-directional wave propagation.

xii



Although various magnetic-free circulators based on spatial-temporal modulation are
demonstrated in literature showing excellent performance in terms of low insertion loss,
good impedance matching, deep isolation of more than 50dB, and high linearity and
power-handling, the 20-dB isolation bandwidth is still limited to 5-7 %. This limitation is
primary due to the use of first order resonant circuits, which are intrinsically narrowband.

In the first part of this dissertation, this problem is tackled through the use of higher
order coupled resonators. Moreover, a generic methodology is proposed to synthesize a
network to satisfy a desired 20-dB isolation bandwidth. This is achieved by utilizing
microwave filter design theory and techniques. For demonstration, a magnetic-less cir-
culator with a wideband 20-dB isolation fractional bandwidth is designed and fabricated
at 500 MHz. The architecture of the proposed circulator is composed of a second order
coupled resonators connected in a Y-topology. The fabricated prototype shows a 20-dB
isolation fractional bandwidth of 15.4%, insertion loss of 4 dB, and is well-matched across
the circulator passband.

In the second part of this dissertation, the space-time modulation is incorporated into
the co-design of a magnetic-free isolating and filtering 3-dB microwave power-divider.
The proposed circuit is composed of two branches each containing three coupled res-
onators. The circuit is analyzed using the coupling matrix for proper adjustment of the
filter electrical parameters to allow the power-splitting operation. Moreover, the resonant
frequency of each resonator is modulated spatially and temporally to break the reciprocal
response, i.e. it allows only forward transmission. As a proof-of-concept, the resonators
are implemented using folded \/2 varactor-loaded distributed resonators at a center fre-
quency of 900 MHz with a 3-dB fractional bandwidth of 5%. The measured results show
an insertion loss of 3.37 dB, a port-to-port isolation better than 20 dB across the band, a
20-dB reverse transmission isolation bandwidth of 45 MHz, and an impedance match at

all ports better than 10 dB across the operating bandwidth.
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Chapter 1

Introduction

1.1 Overview of Electromagnetic Reciprocity
1.1.1 Time-Reversal Symmetry and Reciprocity Theorem

Every electrical engineer who studied an introductory course in electromagnetics or mi-
crowave engineering should have encountered the term reciprocity or non-reciprocity. In
the analysis of microwave networks, a generic network is considered to be reciprocal if the
off-diagonal elements of its scattering parameters (S-parameters) are equal, which can be

described mathematically as

S =87 (1.1)

, where T' corresponds to the transpose operation and S is the network S-parameters
matrix [12]. While this elegant definition seems simple, in fact it took scientists decades
of huge efforts to study and analyze the phenomenon of reciprocity. Reciprocity is a
fundamental property that occurs in the various fields of study, such as mechanics, ther-
modynamics, electromagnetics, optics, and circuits. The early efforts of scientists were
focused on analyzing physical laws and media under time-reversal. As its name sug-
gests, time-reversal is, generally speaking, going backward in time (similar to rewinding
a recorded movie). A system is set to be time-reversal invariant or follows the property
of time-reversal symmetry (TRS) if and only if, the backward evolution in time returns
the objects/variables to their original state/value [1]. Fig1.1 depicts an example, where

one can observe the evolution of a process in a given system with time. At a give time ¢,



V(1) =y (D) v/ (0) % y(0)

v(1)

TR !
(state vector)

! SYMMETRY
(TRS)

REVERSE
part

DIRECT
part

‘ — ¢
-T 0 T
Figure 1.1: Illustration explaining time-reversal symmetry. Here under time-reversal (¢ —
—t), the process represented by the red and blue curves starts and ends at the same state,
thus it follows TRS. Meanwhile, the process represented by the red and green curves has
different start and end states, therefore it breaks the TRS. [1]

the state of the process is described by W(t). First, the process is observed from ¢t = 0
to t = T, then the sign of the time variable is reversed. As a result, the system is
now excited at ¢ = —7T and is monitored up to ¢ = 0. This operation is referred to as

time-reversal, and is described mathematically as
Tt} =t = —t (1.2)

, where T is a time-reversal operator [2]. Moreover, when the time-reversal operator is

applied to the state W(t), it follows

T{U@)} =V (t) =V (-1). (1.3)
, where W'(t) is the state of the process upon time-reversal (t = —t). Based on (1.2) and
(1.3), a system is time-reversal symmetric if the direct path (red curve) and the reverse
path (blue curve) are symmetric around y-axis. If the reverse path ends at a different
state compared to the direct path (green curve), therefore the system is time-reversal

asymmetric [2]. Mathematically, TRS-systems must satisfy

/

T{U(t)} = U (—t) = V(1). (1.4)

Having discussed the concept of time-reversal symmetry, it should be noted that al-
though the laws of physics are themselves invariant, their respective physical quantities

may have even (TRS) or odd (anti-TRS) time-reversal parity [1]. In regards to the field of
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Figure 1.2: Time-reversal parity of the various electromagnetic physical quantities. [1]

electromagnetics, Fig. 1.2 summarizes the time-reversal parity of relevant physical quanti-
ties. The parity of each quantity is determined by applying (1.2) and (1.3) to fundamental
electromagnetic laws, such as Coulomb-, Faraday-, Ampere-, and Gauss-law. Moreover,
by following the time-reversal parity of electric and magnetic fields and applying the time-
reversal operator to both sides of Maxwell equations, it is straight-forward to show that
Maxwell equations are TRS [1]. This important fact shows that if all quantities in a system
are time-reversed (following the rules in Fig1.2), then the solution to Maxwell equations
will remain the same in both the direct and reverse systems. Moreover, violating one rule
would result in breaking the time-reversal symmetry.

In the field of electromagnetics, it is common to think in terms of a source and an
observation point. Therefore, scientists in this field tend to think of the reverse path
(Fig. 1.1) as swapping the locations of the source and the observation point. Moreover, if
the field generated at the observation point in both cases is the same, therefore the wave
propagation/transmission in this medium/system is set to be bidirectional /reciprocal [13].

Considering the situation depicted in Fig. 1.3, for a system/medium to be reciprocal it



Figure 1.3: Illustration showing two electric current densities and their respective electric
fields. [2]

must satisfy the reciprocity theorem

J[[ asewae = [[[ dupaa (15)

, where J4 and Jp are electric current densities located in different locations (enclosed in
a volume V') and F4 and Ep are the electric fields associated with each current density.
Furthermore, it was shown that any non-magnetic, linear, passive, and time-invariant
system/medium satisfies (1.5), and hence is reciprocal. It is worth mentioning that in
electronic circuits, operating at low frequencies, another form of reciprocity theorem is
used

Vil = VoI, (1.6)

, where V] is the voltage applied at port 1 and I; is the corresponding current flowing into

the port [12]. Similarly, V5 and Iy are the voltage and current at port 2, respectively.

1.1.2 Techniques to Break the Reciprocity Theorem

Breaking the reciprocity theorem would give rise to the development of novel electronic
components, such as isolators, circulators, gyrators, and non-reciprocal phase shifters.
These components are vital for a variety of applications, such as wireless communications,
biomedical, radar, and quantum computing. As explained in the previous section, if a
system/device satisfies all the following conditions: contains/constitutes of a dielectric
material with symmetric permeability- or permittivity- tensor, linearity, passivity, and
time-invariance, it must obey the reciprocity theorem. Conversely, breaking only one
of these conditions is enough to violate the reciprocity theorem, and hence allows the

system/device to have a non-reciprocal transmission response. In the next sub-sections,



a brief review of the research that was conducted into breaking the reciprocity theorem
(and building non-reciprocal components) is presented.

1.1.2.1 Using Magneto-optic Effect

Historically, non-reciprocity was first achieved through the use of ferromagnetic materials.
In these materials, the magnetic dipole moments can be aligned by an external magnetic
field, which causes the permeability tensor to become asymmetric (such interaction is
known as magneto-optic effect) [3]. It is worth mentioning that, in the optical regime it is
the permittivity that becomes tensorial and asymmetric (due to the cyclotron orbiting).
To illustrate how the wave-material interaction becomes direction-dependant (due to the
magneto-optic effect), let us consider a ferromagnetic circular slab biased with an external
magnetic field ﬁ:Hg a, as shown in Fig.1.4. When a wave is incident upon the slab
with a magnetic field of I_{;Z = H,a,+H,a,+H.d,, a magnetization vector ]\_J> is induced

inside the material which is expressed as

Xez  Xay 0 H,
M = Xoz Xy O| X |H, (1.7)
0 0 0 H,
, where x;; are the material magnetic susceptibilities. From (1.7), the magnetic flux

density can be deduced

po(l+ Xex)  JH0Xay 0
B - Ho (Im—l—]\/[) = | —JtoXay Ho(1+Xxy) O }Tnc (1.8)

0 0 Ho
, where (i is the free space permeability [3]. It follows from substituting (1.8) into Maxwell
equations that a biased ferromagnetic material has two different propagation constants
for left- and right-handed circular wave polarizations [3]. As a result, a linearly polarized
wave (combination of left- and right-handed circularly polarized waves) experiences a

rotation angle
(By —B-) 2
2

, where B, and [_ are the propagation constants for left- and right-handed circularly

Or (2) = — (1.9)

polarized waves, respectively. Because of the resulting rotation, the magneto-optic effect
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Figure 1.4: Illustration showing the magneto-optic effect. (a) Ferromagnetic material
of length d under external magnetic field Hy. (b) An incident linearly polarized wave
experiences no rotation in the absence of Hy. (¢) Forward propagation from left to right
through the biased material causes a positive rotation in the polarization plane. (d)
Backward propagation from right to left has a reversed sense of rotation causing a negative
rotation in the polarization plane. [3]

is also commonly referred to as Faraday rotation (in recognition of Michael Faraday who
introduced and studied this concept).

Fig1.4 (b) shows the case of no external bias, and as a result both propagation con-
stants become equal. Therefore, no rotation occurs to the polarization of the incident
wave. On the other hand, under external bias (Fig1.4 (c)), the polarization gets rotated
to an angle 0, which depends on the strength of external biasing field and the length
of the ferromagnetic material. Moreover, when the incident wave travels in the oppo-
site direction (Fig1.4(c)), or equivalently rotating the direction of the biasing magnetic
field, the sense of rotation is reserved. Consequently, the forward and backward traveling
waves experience different rotation angles, and thus a non-reciprocal transmission phase
is achieved.

Magneto-optic effect or Faraday rotation was used in the realization of various non-
reciprocal electronic components [4,5]. For instance, Fig. 1.5 (a) shows a microstrip im-
plementation of a microwave circulator, where a ferrite disk is inserted into the dielectric

substrate. Without external bias, the magnetic moments are randomly oriented in space
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Figure 1.5: Microwave circulator based on ferrite disk. (a) Ferrite disk inserted in the
microstrip dielectric substrate. In the un-biased state, the magnetic dipole moments are
randomly oriented (b) and overall field is distributed equally at the output ports (c).
Under external bias, the magnetic dipole moments are aligned (d) a null in the overall
field can be created at one of the output port (e). [4,5]

(Fig. 1.5 (b)), which causes the guided modes rotating clockwise and anti-clockwise to
have the same cut-off frequency (i.e. the degeneracy is lifted).

As a result, when a signal is incident from one port, the power gets split equally at
the output ports (the overall field distribution is the same at the output ports as shown
in Fig.1.5(c)). When the ferrite disk is biased with an external field Hg., the magnetic
dipole moments are aligned in one direction to generate a magnetic field along that of
the external field (Fig.1.5(d)). Consequently, one direction of rotation is more favored
by the disk, which causes the clockwise and anti-clock wise modes to have different wave
velocities and propagation constants. Therefore, their cut-off frequencies become different

(i.e. the degeneracy is lifted). Moreover, the strength of the external biasing field can



be chosen such that the overall field distribution shows a null at one output port, and
maximum at the other port as depicted in Fig. 1.5 (e). Since, the structure has circular
symmetry, therefore the any input power from one port will rotate to the neighbouring
port yielding the functionality of a circulator.

Magnetic-based circulators have the advantage of high linearity and power handling.
Commercial magnetic-based circulators show a third-order input intercept point in the
range of 70 — 80 dBm [3]. This made them a suitable candidate for military applications,
where transceivers operate with extremely high power signals. On the other hand, the
use of ferrites results in bulky and heavy non-reciprocal devices, which makes them not
suitable for applications requiring low weight transceivers, such as wearable electronics.
Moreover, ferrites/ferromagnetic materials are not compatible with IC fabrication pro-
cesses. This hinders their integration with other CMOS-based front-end modules, which
causes an increase in the module overall cost [3].

1.1.2.2 Using Active Devices

With the development of transistors, active or transistor-based non-reciprocal devices have
gained tremendous interest owing to the possibility of integrating a whole transceiver (that
contains isolators and circulators) on chip. A transistor is intrinsically unidirectional, since
an input signal at the transistor gate can be amplified at the drain, but not vice versa.
Based on that Tanaka et al., proposed the first transistor-based circulator whose schematic
is shown in Fig. 1.6 [6]. The schematic is composed of a cascade of three common-source
single stage amplifiers. The circulator ports are connected to the transistor gate of each
stage. It should be noted that since the schematic does not contain any reactive compo-
nents, therefore the circuit performance was wideband. On the other hand, this design is
sensitive to matching, since any reflection can leak into the neighbouring ports leading,
which will travel till it reaches the other third port i.e. any reflection due to mismatch
will cause reduction in the isolation.

Another recent implementation of transistor-based non-reciprocal microwave devices
was suggested by Kodera et al., where a transistor is loaded into the gap of a split-ring

resonator as shown in Fig. 1.7 (a) [14]. The non-reciprocity is achieved since the transitor
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Figure 1.6: Transistor-based circulator composed of a three stage common source ampli-
fier. [4, 6]

will only allow currents to flow in an anticlockwise direction i.e. only through its drain.
A RF isolator (Fig.1.7(b)) is created by using a two-metal layer substrate, where a
transmission line and an array of transistor-loaded split-ring resonators are placed on the
top and bottom layers, respectively. When a signal travels from port 1 to port 2, a current
is induced at the bottom array of split-ring resonators. Following the right-hand rule, the
direction of current flow is anticlockwise, hence the transistor will allow the flow of current.
In this case, the transmission line will experience a relatively small equivalent resistance,
and the signal will travel without attenuation. On the other hand, a signal traveling in
the opposite direction will induce a current that flows into the gate of the transistor. As a
result, the transmission line will be loaded by a large equivalent resistance, which causes
the signal to attenuate as it travels down the transmission line. In a similar fashion, a
circulator can be implemented utilizing the same technique by simply adding a third port
as shown in Fig. 1.7 (c).

Although using transistors to design non-reciprocal components greatly reduce the size
and fabrication cost, this came on the expense of poor linearity and noise performances.
This is because active devices generate additional noise and distortion. As a result,
devices implemented with this approach are only suited for biomedical applications [15].
In particular, they are not suited for integration with RF front-ends used in cellular

wireless applications [3].
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Figure 1.7: Implementation of transistor-based non-reciprocal devices using (a) transistor-
loaded split-ring resonator. (b) isolator, and (c) circulator. [3,7]

1.1.2.3 Using Non-Linear Effects

In both of the aforementioned reciprocity-breaking techniques, an external bias (magnetic
field or dc supply voltage) is needed, which either increases the overall size or consumes
power. Using non-linearity tackles this issue since the reciprocity is broken due to the non-
linear characteristics of the constitutive material or resonator themselves, and not with
the aid of an external bias. For instance, in the optical regime the material permittivity

is described by Kerr-effect as
e = co(x® + 3O EP?) (1.10)

, where epx(! is the linear permittivity of the medium, x® is the third-order non-linear
susceptibility, and E is the electric field intensity [16]. Fig. 1.8 shows an optical isolator,
which is realized by cascading two media between two ports. The first material is a linear
lossless one with real permittivity of €;, while the second is a non-linear material with a
complex permittivity of e5” — je,” |E|. It should be noted that the losses in the second
medium is dependant on the intensity of the incident electric field.

The principal of operation is as follows: when a signal is injected at port 1, it will
experience a linear medium with low loss. Therefore, the signal will travel with minimum
attenuation until it reaches the interface between the two media. At the interface, a large
reflection will occur due to the mismatch between the reflection coefficients of the two
media, and a small portion of the signal will get transferred into the second medium. This

small portion will not be large enough to trigger the second medium non-linear behaviour,
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Figure 1.8: Demonstration of an optical isolator constructed by creating a spatially asym-
metric structure (a cascade of linear and non-linear media). [3]

and hence it will reach port 2. In the opposite transmission direction, the signal will first
experience a large attenuation, which will lead to the signal reaching the interface to have
a small amplitude. Taking into account the reflection at the interface, the amplitude of
the signal reaching port 1 will be negligible.

Based on the above explanation, one can infer that the non-reciprocal behaviour is
dependant on the signal amplitude. As a result, there is a trade-off between the magni-
tude of forward transmission and the range of signal amplitudes at which the directivity
(defined as the ratio between forward and backward transmission) is large. Another limi-
tation to this approach is that it was shown in [17] that the reciprocity can not be broken
if both ports are excited simultaneously. Despite these shortcomings, the above optical
isolator can be used in optical systems that incorporate pulsed-radars, such as LiDAR
systems [18].
1.1.2.4 Using Time-variant Media
Time-variant media are defined as media whose one of their electrical properties (perme-
ability, conductivity, or permittivity) are changing, continuously or discretely, with time.
Using time-variance to break the reciprocity theorem aims at developing non-reciprocal
devices that are linear and passive. As a result, the developed devices can simultaneously
handle more power and exhibit low noise figure. This makes such devices an attractive
choice for futuristic wireless applications, such as full-duplex systems.

Interestingly, before the advent of transistors, time-variance was first used to imple-
ment parametric amplifiers [19,20]. The architecture of parametric amplifiers is composed
of a transmission line, which is loaded periodically in space with varactors. In addition,

the varactors are modulated by a sinusoidal signal, which is referred to as a pump sig-
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nal. The pump signal role is to effectively change the transmission line characteristics,
and thus a wave traversing the transmission line experiences a time-varying medium.
Recently, Qin et al. [8] demonstrated that a circulator can be implemented under the

following conditions

Wy = Ws Wy, Bm = PsE£06p (1.11)

, where wy,, w,, and w, are the angular frequencies of the up/down-converted signal, the
source signal, and the pump signal, respectively, and 3,,, 35, and /3, are their correspond-
ing wave-numbers. It should be noted that the above equation is only satisfied when
the source and pump signals propagate in the same direction. The proposed circulator
architecture is shown in Fig. 1.9, which is composed of a differential transmission line, a
transceiver, an antenna, and a pump signal source. Moreover, the pump signal is injected
into the transmission line from the antenna side, where in the receive mode after a certain
transmission line length, the received signal is fully down-converted to another frequency
due to the mixing between the pump and the received signals. Meanwhile, in the transmit
mode the transmitted and pump signals propagate in opposite directions, which makes
(1.11) hard to satisfy. As a result, the transmitted signal reaches the antenna without
being converted to another frequency.

Moreover, an additional duplexer is needed to provide sufficient isolation between the

transmitter and the receiver. This causes an additional increase in the circulator insertion
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—
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Figure 1.9: Architecture of a RF Circulator based on time-variant transmission lines
proposed in [8].
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loss (IL), and limits the bandwidth of operation to the duplexer operation bandwidth. To
alleviate the use of duplexers, non-reciprocal transmission at same frequency is in demand.
To that end, Dimitrious et al. [10] proposed the use of Angular Momentum Biasing (AMB)
to bias materials and break the reciprocity theorem. As discussed earlier, the application
of a magnetic field aligns the magnetic dipole moments of a ferrite material causing
the material to allow only one direction of wave propagation (Fig.1.10(a)). In a similar
fashion, changing the permittivity of a circular dielectric substrate with a sinusoidal signal
that traverse the substrate in clockwise/anticlockwise direction imparts a preferred sense
of rotation in the substrate (Fig.1.10(b)). As a result, at a given frequency only one

direction of rotation is guided in the medium as shown in Fig. 1.10 (c).
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Figure 1.10: Breaking non-reciprocity using (a) magnetic bias and (b) angular momentum
bias. (c¢) non-reciprocal transmission [9, 10].

Recently, spatial-temporal modulation (STM) is introduced as an efficient method to
implement RF circulators using AMB [9]. Instead of modulating a continuum medium, the
dielectric ring resonator is split into three coupled resonators as shown in Fig. 1.11 (a).
Moreover, the resonance frequency of each resonator is modulated by a sinusoidal sig-
nal. Furthermore, there is a progressive phase shift of 120° between the modulating
signals. Figures 1.11(b) and 1.11(c) depict the schematic and PCB implementation of
the resonators using lumped components (LC tanks). Mathematically, the instantaneous

frequency of the nth resonator can be described as

fo = fo+ Afcos2rfint + (n — 1)2§] (1.12)

, where n=1,2.3, fj is the tank static (un-modulated) resonant frequency, and f,, and

Af are the modulation frequency and depth, respectively. It is worth mentioning that

13



(@ (b) (©

Figure 1.11: (a) Implementation of angular momentum biasing through the spatial-
temporal modulation of three coupled resonators, and corresponding (b) schematic and
(c) fabricated PCB. [4]

the nomenclature of spatial-temporal modulation stems from the fact that the resonators
are distributed in space and are being modulated by a time varying signals.

Afterwards, Kord et al. [5,21] fully analyzed the architecture proposed in [9], where he
was able to demonstrate that there are four possible schematics as shown in Fig. 1.12 for
realizing a STM-based RF circulator. These structures originate from the combination of
a series (bandpass) or a shunt (bandstop) LC resonator connected in a'Y or a A topology.
In addition, he provided a detailed analysis based on KCL/KVL equations, which helped
to choose the modulation parameters that optimize the circulator overall performance.
For demonstration, he designed a circulator based on bandstop/A structure, where the
measured results showed insertion loss of 3.3dB, return loss (RL) of 10.8dB, isolation
(IX) of 55dB, and a 20dB IX fractional bandwidth (FBW) of 6 % [21].

In order to reduce the strength of the intermodulation products, which are generated
due to the mixing between the RF signal and the modulating signal, Kord et al. in
[22] combined two single-ended circulators with opposite circulatory directions to form a
differential circulator. It was shown that the higher order intermodulation products are
significantly reduced when combined /summed at the RF ports, leading to an improvement
of about 19dB in terms of maximum intermodulation products.

Table 1.1 summarizes the advantages and disadvantages of all the reciprocity-breaking

approaches, which are discussed in this chapter. From the table, it is clear that using
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Figure 1.12: Possible architectures for STM-based single-ended circulators: (a) series LC
(bandpass) connected in a Y, (b) series LC (bandpass) connected in a A, (c¢) shunt LC
(bandstop) connected in a Y, and shunt LC (bandpass) connected in a A. [4]

magneto-optic effects (magnets/magnetic materials) leads to devices with excellent per-
formance in terms of low insertion loss, and high linearity and power handling. However,
they are expensive and heavy. This makes them a prime candidate for military appli-
cations. In addition, among the magnetic-free techniques, time variance stands out as
the approach that produces devices with a good compromise among the listed metrics.
Therefore, this approach has been attracting great deal of interest for its potential usage
in the various commercial applications, such as full-duplex systems [23], radar [24], and

quantum computing [25-27].

1.2 Full-Duplex Communication

The electromagnetic spectrum is a congested and scarce resource in wireless communi-
cation. In addition, it is expected that there will be tremendous increase (1000-fold) in
the required network capacity and data rates of the upcoming 5G cellular network, which
are needed to support applications, such as downloading high-definition videos in few
seconds, virtual reality, autonomous vehicle, and the internet-of-things. Therefore, an
efficient way is needed to utilize the band of frequencies that will be allocated for a given

application. In traditional wireless transceivers, half-duplexing (HD) was introduced to

15



Table 1.1: Comparison of the performance of non-reciprocal devices implemented

using the different reciprocity-breaking techniques

Magneto- Non-
Technique Active Time Variance
Optic Linearity
Space/Time-
Bias Magnetic dc supply  N/A
varying signals
Size Large Small Small Small-Medium
Cost High Low Low Low
Insertion Loss Low Low-Gain ~ Medium Low-Medium
Medium-
Isolation Medium Low Medium-High
High
Bandwidth Wide Average Low Average-Wide
Power Handling High Low Low Medium
Linearity High Low Low Medium
Noise Figure Low High Medium Low-Medium
Power Consumption Low High Low Low-Medium

avoid any interference between the transmitter and the receiver since they are both lo-
cated on the same device. There are two forms of HD, namely time-division duplexing
(TDD) and frequency-division duplexing (FDD). In TDD, the transmitter and receiver
communicate over the same channel/frequency, however they use different time slots to
transmit /receive. Meanwhile, in FDD, the transmitter and receiver operate at all time,
however they are separated in frequency channels. In both cases, the spectral efficiency
is sacrificed in order to avoid any self-interference (interference due to the leakage of the
transmitted signal into the receiver). [28,29]

Recently, full-duplex communication systems have been introduced as an efficient way
to make use of the spectrum. This is because in FD, the transmitter and receiver commu-
nicate simultaneously at the same time and frequency. Therefore, the network data-rate
and capacity can theoretically be doubled in comparison to using TDD and FDD. More-
over, there are other advantages to using FD, such as the reduction of delays in relay-
nodes. Fig.1.13 (a) summarizes the time-frequency usage of the aforementioned duplexing
techniques. [30, 31]

Since the transmitted signal can be in the order of 90 dB above the receiver noise
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Figure 1.13: Illustration showing (a) frequency and time usage in TDD, FDD, and FD
and (b) a FD transceiver with Sl-cancellation circuits at the different locations along
transceiver chain. [4]

floor, therefore the self-interference is considered the bottleneck for the deployment of
FD in commercial wireless transceivers. As a result, the leaked transmitted signal can
de-sensitize the receiver. To achieve a proper signal-to-noise ratio, self-interference can-
cellation of about 110dB is required. Such a huge number can not be achieved at a
signal stage rather it is often distributed at different locations along the receiver chain.
Fig.1.13 (b) depicts the Sl-cancellation at the Digital-Analogue interface, Analogue-RF
interface, and antenna-air interface. [32]

At the antenna-air interface, the SI-cancellation can be achieved through the use of cir-
culators. A 20 dB of isolation is sufficient to relax the design of subsequent SI-cancellation
circuits. It is worth mentioning that the use of circulators became an attractive choice
after the introduction of time-variance as a magnet-free reciprocity breaking approach.
Alternatively, balanced-duplexing circuits [33] or multiple antennas [34] were used to re-
alize the required 20 dB isolation, however on the expense of a fundamental 3dB loss or

an increase in form-factor, respectively.
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1.3 Dissertation Overview

As discussed in the previous section, the differential topology of STM-based circulators
provided an excellent circulator performance in terms of IL, RL, IX, linearity, and power
handling however, the 20dB IX FBW was still about 4-6 %. In [35], the use of second
order matching networks was proposed to improve the matching and isolation bandwidth.
Despite, improving the isolation FBW to about 13.8 %, this came on the expense of an
increase in the insertion loss to about 5%. In addition, the measured passband was not
flat, which could cause distortions when integrated with transmitters that use amplitude
modulation.

In this dissertation, the application of spatial temporal modulation to higher order
coupled resonators is investigated in order to widen the 20dB IX FBW and improve
the out-of-band rejection. In contrast to prior work, a design methodology is proposed
to synthesize a circulator network to satisfy a targeted 20dB IX BW. This is achieved
through the use of the well-established microwave filter design theory and techniques.
Moreover, a miniaturized RF front-end is demonstrated through leveraging the filter-
coupled mode theory to co-design a novel power divider with the integrated functionalities
of a bandpass filter and an isolator. It is worth mentioning that the isolator is magnetic-
free i.e. implemented via STM of coupled resonators.

The dissertation is organized as follows:

Chapter 2 presents a magnetic-free circulator with a wideband 20dB IX FBW. The
proposed circulator is based on the spatial temporal modulation of second order LC
resonators. Furthermore, a generic design procedure is illustrated, which is based on
relating the circulator modulated IX FBW response with the 3dB FBW of a static filter.
Based on that, a circulator is designed and fabricated at 500 MHz achieving a measured
20dB IX FBW of 15.4 %, low insertion loss of 4 dB, flat group delay across the bandwidth,
and return loss of 12dB.

Chapter 3 investigates the responses of higher order (2nd-, 3rd-, and 4th-) STM-based
circulators. In particular, a comparison between the optimum modulated reflection, trans-

mission, and isolation responses of each order is presented. In addition, the relationship
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between the 20dB IX FBW and the normalized modulation frequency is studied for all
orders.Also, the insertion loss of single-ended and differential higher order circulators are
studied and a lower-bound on the modulation frequency is found.

Chapter 4 demonstrates a novel 3dB power divider with the integrated functionalities
of a bandpass filter and an isolator. The bandpass filter is composed of a 3-pole Chebyshev
filter with a modified input quality factor to take into account the power-splitter operation
i.e. the addition of a second branch. The isolator is implemented by STM of the resonators
in each branch. It is worth mentioning that the application of STM not only reduces the
reverse transmission, but also improves the port-to-port isolation, which is about 10dB in
conventional microwave T-power dividers. A prototype is designed at 900 MHz, showing
a measured IL of 3.37 dB, port-to-port isolation better than 20 dB across the bandwidth,
20 dB reverse transmission isolation bandwidth of 45 MHz (5% 20dB IX FBW), and all
ports are well-matched (better than 10 dB across the operational bandwidth).

Lastly, Chapter 5 concludes and summarizes the work presented in this dissertation.
In addition, several future work are suggested.

The main contributions of this work are either published or are currently being pre-

pared for publication in the following conferences and journals:

e M. Nafe, X. Wu, and Xiaoguang Liu, ” A Design Methodology For Wideband Mag-
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Chapter 2

Wideband Magnetic-free RF
Circulator Based on
Spatial-Temporal Modulation of

Second Order Coupled Resonators

In this chapter, we present a single-ended magnetic-free RF circulator with a broadband
20-dB isolation bandwidth. This is achieved through the use of spatio-temporal modula-
tion angular momentum biasing of second order L.C resonators connected in Y topology.
In addition, we demonstrate a generic design procedure based on microwave filter de-
sign theory to build a three-fold symmetric static circulator response with a prescribed
fractional bandwidth and operational frequency. As a proof of concept, we design a
magnetic-free circulator at 500 MHz and fractional bandwidth of 25% using off-the-shelf
lumped components. The simulated and measured data are in good match, showing a
20-dB isolation fractional bandwidth of 15.4%, insertion loss of 4 dB, and is well-matched

across the circulator passband.

2.1 Introduction

Numerous applications of wireless communication emerge everyday, and they all share
the same resource that is the electromagnetic spectrum. Such congested spectrum as

well as the ever lasting demand of improving the provided quality of service, such as
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enabling high data rates in mobile communications, motivated researchers around the
world to explore different methods to efficiently use that scarcely available spectrum.
One promising approach is the use of Full Duplex (FD) systems, where simultaneous
transmission and reception over the same frequency channels is permissible, and as a
result the spectrum efficiency is theoretically doubled [30, 36, 37].

The main challenge that faces FD systems is the potential leakage of the transmitter
(Tx) high power signal into the receiver (Rx) front end causing it to saturate, such problem
is called Self Interference (SI). Although the amount of SI cancellation varies depending on
the application, it is usually distributed across the receiver chain. One of those locations,
also the first, is the air-antenna interface, where a 20-dB of cancellation is reserved. To
that end, several approaches have been proposed among them is the use of circulators,
which are a 3-port devices that only allow unidirectional wave propagation as opposed
to power splitters. This functionality is achieved by breaking the Lorentz time-reversal
symmetry, which is satisfied in any linear passive time-invariant system [1,3]. In RF and
microwave circuits, circulators have conventionally been implemented using ferromagnetic
materials, biased by magnets. This resulted in heavy and bulky devices. In addition,
ferromagnetic materials are hard to integrate with modern IC fabrication processes.

To alleviate the use of magnets and ferromagnetic materials, several techniques have
been suggested, such as using active transistors [6,7] and non-linear resonators [16]. Unfor-
tunately, those approaches did not find their way to commercial wireless systems. Since,
the former suffered from poor noise figure and linearity, while in the latter case the non-
reciprocity is dependant on the input power, and it only works for a limited range. In
the aforementioned techniques, the non-reciprocity has been realized by violating either
the passivity or the linearity condition. Recently, the use of time variance has gathered
a great deal of interest, since theoretically it can yield linear and noise-free devices. In
literature, the time variance is realized through the Spatial-Temporal Modulation (STM)
of material properties, such as conductivity [38-41] or permittivity [9,21,22,35]. The
term spatial-temporal modulation signifies the use of multiple modulating signals, sinu-

soidal or square waves, distributed in space. Although circulators that are designed using
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conductivity-STM showed high linearity (can handle up to 2 — —4 watts of input power),
low insertion loss (2 — —4dB) , compact size, and their potential to operate at millimeter
wave frequencies, they suffered from asymmetry in their S-parameters. This asymmetry
makes the circulator prune to antenna impedance mismatch as well as high sensitivity to
random variations in clock jitter and synchronization.

In the context of permittivity modulation, Sounas et. al [10] introduced the concept
of Angular Momentum Biasing (AMB) to realize a dielectric ring metasurface with a
unidirectional wave propagation. He illustrated that the degeneracy in the ring’s modes
can be lifted by modulating its permittivity by a sinusoidal signal along the azimuth
direction. Shortly after the introduction of AMB, Estep et. al [9] built a RF circulator
using three coupled LC resonators connected in a Y topology. The STM-AM biasing
was implemented practically via varactors, and a progressive phase of 120° is applied to
the modulation signals as shown in Fig. 2.1 (a). Although the proposed circulator showed
a reverse isolation (IX=1Ss;|(dB)) more than 50 dB, it had the following drawbacks;
first, the circulator performance was extremely sensitive to the loaded quality factor (Q;),
which makes it difficult to match to 50 ohms. Second, the series LC resonators boost the
voltage across the varactor deteriorating the circulator power handling. Third, a strong
higher order intermodulation (IM) products were generated in the structure. Fourth, the
20-dB IX FBW was limitted to 5-7%.

Remarkably, Kord et. al presented a few circulator designs that circumvent one or
more of the above mentioned drawbacks [21,22,35]. In [21], a circulator composed of three
first order bandstop resontors connected in a A topology is proposed to tackle the issue of
low power handling and high sensitivity to Q;. Although the devised circulator was less
complicated compared to [9] and showed a much better insertion loss, it still suffered from
the generation of strong higher order IM products. In [22], two A-based circulators with
a 180° phase shift between their modulating signals are combined to realize a differential
based circulator. Thanks to the odd symmetry that the structure exhibits with respect
to the IM products, the first order IM product was reduced by 18 dB as compared to
a single ended circulator. In both previous designs, the 20-dB IX FBW did not exceed
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5-7%, which hinders their usage in practical application, where the input signal occupies a
finite bandwidth. In [35], Kord et. al suggested the use of a broadband matching network
to widen the isolation response. Although he was able to extend the 20-dB IX FBW to
13.8 %, the proposed design suffered from high insertion loss, despite using differential

topology, of 5dB.

1st Order
2" Order

(c)

Figure 2.1: Conceptual illustration for magnetless circulator based on STM-AMB of (a)
first order and (b) proposed second order resonators, and (c) their transmission and reverse
isolation responses. White circles represent a resonant LC circuit.

Recently, Wu et. al have introduced the concept of higher order STM [42,43] to build
a magnet-free non-reciprocal isolating filter. In [42], it was shown analytically and experi-
mentally that cascading two or more time varying resonators can result in a non-reciprocal
isolator with a filter-like characteristics of low insertion loss (1.5dB) and deep isolation
(> 20dB) over the filter passband (170 — —220 MHz). Notice that since the aim of their

work is the implementation of a magnet-free isolator, the applied spatio-temporal modu-
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lation can be considered linear rather than angular. Inspired by this idea, we presented a
magnet-free circulator based on STM-AM of second order passband resonator as shown in
Fig.2.1(b) [11]. The reported results were based on heuristic simulations without either
clear design methodology or experimental verification. Fig. 2.1 (¢) compares the transmis-
sion and isolation responses of STM-AM of first and second order resonators. It is clear
that a wider passband and 20-dB IX FBW can be attained with the use of second order
resonators on the expense of a little increase in insertion loss (=~ 0.5dB). Although not
shown for clarity but similar argument can be made about having a flat group delay over
a wider frequency range, which is an important feature to avoid signal distortion and to
relax the linearity conditions in PA design. Furthermore, unlike previous reports that lack
any information about the synthesis procedure, in this chapter we show that the static
circulator characteristics are fully determined by its back-to-back 2 port filter response.
Based on that, we designed a three-fold symmetric circulator demonstrating a 20-dB IX
FBW of 15.4 %, which, to our best knowledge, is one of the largest IX BW to date using
STM AM biasing.

This chapter is organized as follows: Section II first illustrates the analysis and design
of a Y topology to yield the static wideband response. Then, the modulated circulator
response is optimized via parametric studies of the modulation parameters. Section III
discusses the circulator implementation using off-the-shelf lumped elements. In addition,
small and large signal measurements are demonstrated. Finally, Section IV concludes and

summarizes the chapter.

2.2 Analysis and Design

In this section, first we explain the rationale behind the proposed design procedure. Then,
we analytically derive the S-parameters of a 3-port Y-network and a 2-port symmetric
network. Based on that, we show a step-by-step procedure to synthesize a Y-network to
provide the circulator static response. After that, we perform a parametric study to reach
the optimum circulator modulated response. Finally, we present design guidelines for the

design of a circulator with arbitrarily 20-dB IX FBW.
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Figure 2.2: Normalized transmission |Sa;| of the optimized modulated Y, and static 2-
and 3-pole filter reported in [11].

2.2.1 Design Methodology Rationale

In our early findings [11], we have demonstrated, via simulation results, that about 8 %
15-dB IX FBW can be achieved using second order STM-AMB LC resonators connected
in a Y. To reach that result, we have hypothesized that the circulator transmission and
isolation properties can be set primarily based on the static passband characteristics of
one branch of the Y topology, which is a 2-pole filter response. Based on that, we have
started the design procedure with a static 2-pole 0.01-dB Chebyshev filter with equal
ripple FBW of 5%. Then, a three-fold symmetric Y is constructed, and the STM-AMB
parameters are swept to reach a design that exhibits a good compromise between IL, RL,
and IX bandwidth.

Fig. 2.2 compares the optimal circulator response with that of the 2-pole static filter
response, which reveals that our initial premise has not been true. Guided by the obser-
vation that the circulator passband is narrower and has a sharper roll-off, this suggests
that its response is of a higher filter order. By noticing that one arm of the Y-topology
constitutes a 3-pole filter (a higher order), we have designed a 3-pole 0.01-dB Chebyshev
filter with the same ripple FBW of 5%. Interestingly, its response is very close to the

optimal modulated response as depicted in Fig. 2.2.
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(b)
Figure 2.3: An illustration showing a generic Z matrix representation of (a) a 2-port
back-to-back network and (b) a Y 3-port network.

This observation has inspired us to divide the circulator design process into two parts.
First, the circulator static 3 port network response is synthesized based on the desired
passband characteristics. In that aspect, we demonstrate, as will be discussed later,
that the well-established microwave filter design techniques can easily be incorporated to
yield the desired response. Second, the circulator modulated non-reciprocal characteristics
can be achieved by choosing the proper STM-AMB parameters that achieve the desired

isolation level.

2.2.2 Two- and Three-Port Networks

In this subsection, we analytically study the transmission characteristics of a 3-port Y
network and a 2-port network. A symmetrical two-port network can be modeled as two
identical branches stacked back-to-back, as shown in Fig. 2.3 (a). For a general illustration,

each branch is defined using a Z-matrix. Here, the diagonal elements of the Z-matrix are
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swapped due to the back-to-back configuration. Apparently, a Y-topology junction can
be produced by adding one more branch based on the 2-port network, as illustrated in
Fig.2.3(b).

For the two-port network of Fig. 2.3 (a), the input impedance Z;} at the reference plane

A can be derived as

ZA = 7y — 2BZ12 (2.1)

Here, we assume the network to be lossless and reciprocal for simplicity. As such,
Zii(i,5 = 1,2) of the Z-matrix only have pure imaginary parts and can be rewritten as
le = lel, Zgl = Z:[Q = jX217 and ZQQ = jXQQ, where Xlla X21, and X22 are frequency—

dependent variables. Therefore, (2.1) can be reduced to

Z2 = jXg + _ N (2.2)
" - Zo+j X1 .

The impedance Z;} can be considered as the loading to the left-hand branch. Hence,
the input impedance Z2 at reference plane B is
B X5
7B — ix e 2.3
Substituting (2.2) into (2.3) yields

2
X21

ZP = jXu + 5 : (2.4)

L + j2X22

Zo+ jXn
From Z2 | the input reflection coefficient can be derived.
B |2 B2 Zz‘i — %o 2
|Fm = |511| :| 7B | 7 |
Zin + ZO
- (2.5)
X012

—1-

(X1 Xy — X5,)2 4+ X5, Z5][ X7 + Z5]

A lossless 2-port network has the following unitary condition for power conservation.

1911 % + |G [* = 1. (2.6)
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Taking (2.5) to (2.6) yields the transmission coefficient |SZP’| for the two-port network.

X0 %5

|32B13/|2: 22 2 72 2 21"
[(X11 X9 — X5)% + X35, Z5[XT, + Z5]

(2.7)

The Y-topology junction of Fig.2.3 (b) can be analyzed in a similar way. The input

impedance Z$ at reference plane C is Z$ = 0.5 x Z{1 and ZL at reference plane D is

XZ
ZP — Xy, + 21 > (2.8)
115Xy 4 o
Jhodn Zo+ jXn
Accordingly, the reflection coefficient at reference plane D can be derived as
| T P =l s P
2.9
L SX4 22 | (2.9)
I( X1 Xoo — X35)? + XHZF][XT) + Z3]
For a lossless and symmetric 3-port network, the unitary condition becomes
2| S |+ | S P=1. (2.10)
Hence, the transmission coefficient of the 3-port Y-junction is
/ 4 X372
|87 =5 — v2 YT TR 27" (2.11)
9 [(X11Xoo — X5)* + X5, Z5] [ X7y + Z]

Interestingly, (2.7) and (2.11) reveal that the transmission coefficient of the three-port
Y -network and that of a 2-port filter have the following relation.

/ 4 /
| SBY =< | SEE P, (212)
or equivalently in decibels,
| SEP"| (dB) = —3.522+ | SEF' | (dB). (2.13)

The significance of (2.12) and (2.13) is that apart from a constant factor, the Y-
network transmission response is the same as that of a symmetric back-to-back 2-port
network. As such,the circuit design of a static Y-network, which is the starting point in

the circulator design flow, can start from a conventional symmetrical two-port network.
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2.2.3 Y-Network Static Response Synthesis

In the previous section, we concluded that in order to design a Y-network, one should
start with a symmetric 2-port network.In this subsection, we demonstrate a step-by-step
method to synthesize a Y-network utilizing the well-established 2-port filter design tech-
niques. As an illustrative example, we consider a 3-pole filter whose lowpass prototype is
shown in Fig.2.4 (a). Fig.2.4(b) shows the filter implementation using K-inverters and
inductors, where the load and source impedance are scaled to Z,. Here, the central induc-
tor has twice the inductance of the side inductors to reserve two identical branches stacked

back-to-back. The K-inverters represent the filtering coupling and can be expressed as

ZoL
Koi = Ksa = ; g”’,
0J1
(2.14)
Lip2L
Ky =Kys = | ZLP2HLE
9192

By applying the following lowpass-to-bandpass transformation, a third-order bandpass

filter can be modeled as shown in Fig.2.4 (c).

Lip FBW
BP = FBwe, 0 Csr= 7 (2.15)

where F'BW is the fractional bandwidth of the passband and wy is the passband center

angular frequency. It is worth mentioning that the K-inverter values of (2.14) can also be
described in terms of the bandpass filter inductance (Lgp) by simply substituting (2.15)
into (2.14). Lastly, the three-port Y-junction network can be constructed by simply
adding one more branch to the center of the two-port network, as shown in Fig. 2.4 (d).
Fig. 2.5 compares the transmission and reflection profiles of a symmetrical two-port
filter and a three-port Y-junction network. Ky = K3y = 26.5, K15 = Ko = 14, Lgp =
17.8nH,and Czp = 5.7pF are chosen for a Butterworth third-order bandpass filter of
FBW = 25% and f, = 500 MHz. The concluded relation (2.13) is also examined and
confirmed by the close coherence among the transmission profiles. The Y-network has
a passband insertion loss of 3.5dB, which can be divided into a 3-dB loss due to power

splitting and a 0.5-dB loss due to mismatch.
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Figure 2.4: Constructing Symmetric Y Network: (a) normalized 3-order LPF prototype,
(b) De-normalized LPF with K-inverter implementation, (c¢) 2-port BPF transformation,
and (d) 3-port Y-network.

It should be noted that the concluded relation in (2.13) applies to arbitrary-order filter
and Y-junction networks. In particular, a Y-junction network whose branch circuit has
a resonator order of NV can be synthesized from a (2N — 1)-order two-port filter network.

In this work, however, we focus on N = 2 for illustration simplicity.
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Figure 2.5: S-parameters of Y- and 2-port networks.

2.2.4 Modulated Response

In this subsection, STM with an incremental modulation phase of 120° is applied to the
Y -junction network to obtain a wideband circulator isolation response. The equivalent
circuit model of the proposed circulator is shown in Fig.2.6. The capacitance of each

resonator is modulated as
Ci(t) = Cp [1 + € cos (wpt + (i — 1) 120°)], (2.16)

where 1 = 1,2,3. Cpgp is the static bandpass capacitance, w,, is the modulation angular
frequency, and £ is the modulation index.

In this work, we assume that the resonators in each branch have the same modulation
parameters f,,, and £. This assumption is made to facilitate the practical implementation
of a time-varying capacitor.

To reach an optimum circulator response, we conduct a parametric study of the effect
of each modulation parameter on the circulator main metrics, namely the insertion loss
|So1], return loss |S11], and isolation |Ssi|. The study is performed in ADS with the
help of harmonic balance simulation tool to capture the harmonics created due to the
STM-AMB. When either the modulation frequency or index is set to zero, the circuit

response corresponds to the static response shown in Fig. 2.4 (e). Fig.2.7 summarizes the
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Figure 2.6: Y based circulator with time varying capacitor.

parameteric study results, where each row corresponds to a circulator metric, whereas
the first two columns represent the parameter under study. In addition, the third column
depicts the optimum response concluded from the study, which is also highlighted in the
figures of the first two columns by a black-dashed lines.

First, we investigate the effect of the modulation frequency f,,, (to have a more general
descriptive figure we normalize it to our frequency of design i.e. frrp=500 MHz) for a
fixed modulation index £=0.34. From the isolation response shown in Fig. 2.7 (c), one can
observe two locations with deep isolation levels around our target frequency. The first
location is around f,,/frr = 0.1, while the the second is around f,,/frr =~ 0.2. Although
the return loss in Fig.2.7 (b) illustrates that the first location yields a better matching
condition, this location suffers from a narrow passband response. This is more apparent
from the insertion loss plot shown in Fig.2.7 (a), where the circulator passband has the
following trend; it is almost constant for f,,/frr > 0.22. Then, it slightly increases
over the short range 0.15 < f,,/frr < 0.22. With further decrease in the normalized
modulation frequency, the passband diminishes to reach its minimum value at f,,/frr =~
0.05. For this reason, we choose the second location as the optimum f,,/frr value.

Second, we study the effect of modulation index under a constant f,,/frr value of
0.22. Fig.2.7(f) shows that the isolation is maximum around { = 0.34. Similar to the
previous case, there is a trade off between enhancing the return loss and the circulator

passband. Increasing £ improves the return loss but on the expense of reducing the
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circulator passband. A good compromise is reached at & = 0.34.

Based on the above studies, the modulation frequency and index are set to be f,,=112 MHz
and £=0.34, respectively. The corresponding circulator behaviour is depicted in the last
column of Fig. 2.7, where the circulator exhibits a flat insertion loss of 3.42dB across the
frequency range from 491 — 536.8 MHz, a return loss of 8dB, and a 20-dB IX FBW of
18.7%.

2.2.5 Design Guidelines

From a designer perspective, it would be beneficial to know in advance which filter 3-
dB FBW to use in order to achieve certain 20-dB IX FBW. To provide an answer to
this question, we have repeated our design methodology for different 3-dB FBW, and
have recorded the corresponding 20-dB IX FBW of the optimum circulator that has
been found through the previously discussed parametric studies. Fig. 2.8 summarizes the
output of this study. From the figure, one can observe that the 20-dB IX FBW increases
monotonically with the static filter 3-dB FBW. Using curve fitting, this increase can be
expressed by using by a first order polynomial, which is expressed on the figure. Moreover,
as the 3-dB FBW increases, the modulation parameters needed to achieve a 20-dB IX
FBW also increase. This observation can be considered the limiting factor to realizing
extremely large (> 20%) 20-dB IX FBW. Furthermore, throughout this study we have
assumed a Butterworth filter, yet for other type of filters, such as Chebyshev filters, a
similar procedure can be developed that relates the 20-dB IX FBW to the different ripple
levels and FBW.

In summary, given a desired 20-dB IX FBW, the proposed design guidelines are as

follows:
Step 1: Find the corresponding 3-dB FBW of the 2-port Butterworth filter using Fig. 2.8.
Step 2: Apply equations (2.14) and (2.15) to implement a BPF using K-inverters.

Step 3: Construct a three-fold symmetric Y-network, which is achieved by first scaling the
inductor /capacitor of the second resonator by a factor of two/half, respectively.

Then, connecting an identical third branch at the axis of symmetry.
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Figure 2.7: Parameteric study of the proposed second order STM-AM biased circulator
(the dashed lines corresponds to the nominal response). First column shows the effect
of different modulation frequency f,,/frr under constant modulation index of {=0.34
on the circulator (a) |Sa|, (b) |S11], and (c) |Ss1|. Similarly, the second column (d)—(f)
illustrates the effect of varying the modulation index ¢ for a fixed modulation frequency
fm/ frr=0.22 on the previously mentioned circulator parameters, respectively. The nom-
inal circulator |Sa;], |S11], and |S3;| responses are highlighted in the third column (g)—(i),
respectively.
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Figure 2.8: The achievable 20-dB IX FBW of different static 3-dB FBW.

Step 4: Replace all static capacitors in the network with time-varying capacitors as de-

scribed by (2.16).

Step 5: Sweep the modulation parameters ( f,,, and &) until an optimum response is reached.

An initial estimate can be deduced from the values given in Fig. 2.8.

2.3 Experimental Validation

In this section, we first discuss the realization of our proposed second order STM-AM
biased circulator using off-the-shelf lumped components. Then, we carry out scattering

parameters, spectrum, and linearity measurements.

2.3.1 Practical Implementation

By consulting Fig. 2.8, we select a Butterworth filter with a 3-dB BW of 125 MHz (25% at
fo = 500 MHz) targeting a 20-dB IX FBW of around 18%. The corresponding modulation
parameters are f,, = 112MHz and £ = 0.34. Fig.2.9 summarizes the steps taken to
transform the ideal circuit into a practical one. First, we start by designing a circuit that
achieves the required coupling coefficients (calculated in Section 2.2.3). It is shown in [44]
that the K-inverters controlling the coupling between resonators can be approximated by
a capacitive or an inductive T-network, whereas those controlling the coupling to external

ports can be approximated with either a capacitive or inductive dividers/transformers.
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Figure 2.9: Evolution of practical circuit:(a) ideal circuit, (b) K-inverter implementa-

tion with lumped components, (¢) STM-AMB realization using reversely-biased varactors
along with LPF and HPF filters needed to isolate RF and Fm signals.

As illustrated in Fig. 2.9 (b), we select a capacitive T-network and an inductive divider.
The reason behind that will become clear shortly as we discuss the practical implemen-
tation of a time-varying capacitor. It should be noted that, the negative capacitance and

inductance associated with the above structures are combined with those of the main
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series LC resonator to give equivalently a positive value.

Next, the ideal time varying capacitors are replaced by a varactor as shown in Fig. 2.9(c).
The desired static capacitance value Cy. is achieved by reversely biasing the varactor with
a dc voltage V.. The required V. can be extracted from the C—V curve provided in the
data-sheet [45]. The choice of a capacitive, instead of an inductive, T-network is to allow
V4. to bias both varactors. Moreover, the external coupling inductor L. as well as the
low pass filter LPF; provide a path for Vj. to ground. In conjunction with the V., a
sinusoidal signal with amplitude V,,, and frequency f,, is provided in order to modulate
the resonators.

A practical aspect to consider is the prevention of the leakage of the modulating
signal to the RF ports and vice versa. This is achieved by placing a third-order high-
pass filter at the RF port, and a third-order low pass filter at the modulating source,
shown in Fig.2.9 (c). It is worth mentioning that although the filter lumped component
values are initially chosen based on classical microwave filter design techniques, fine tuning
is required to account for the loading effect of the equivalent impedance of the other
circulator constitutive components.

The circulator layout is carried out on a Rogers 5880 substrate with a thickness of
20 mil and relative permittivity of 2.2. Post-layout simulation is carried out in ADS
momentum to account for all the parasitics in the layout. The parasitics of the varactors,
such as the series contact resistance and the packaging parasitics, are included in the
simulations. Table 2.1 summarizes the circulator main design parameters, the finalized

component values, and their corresponding vendor part number.
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Table 2.1: Summary of circulator design parameters

Parameters Value Part #
Ideal Filter fo 500 MHz  —
BWsyp 125MHz
L, 17.8 nH —
C. 5.7pF —

K& Ksy 26.5 -
Klg&Kgg 14 -

Modulation fm 112MHz -
¢ 0.34 -
Vin 26V -

Implementation L. 10.2nH 0807SQ-10N (Coilcraft)
L.y 17nH 0807SQ-17N (Coilcraft)
C, 6 pF SMV1234 (Skyworks)
C, 15pF 0603N150AW?251 (PPI)
L. 147nH  0908SQLAN (Coilcraft)
Crp A7 pF 0603N360FW251 (PPI)
Lip 47nH 0805HP-47N (Coilcraft)
Cy 36 pF 0603N470FW251 (PPI)
L, 180pH  22228Q-181 (Coilcraft)
Cup 82pF  0603NSR2AW251 (PPI)
Lygp 14.7nH 0908SQ14N (Coilcraft)

2.3.2 Results and Discussion

The fabricated and assembled PCB is shown in Fig. 2.10 (a), which occupies a total area of
53mm x 45 mm. Fig.2.10 (b) shows the measurement setup. The circulator small signal
S-parameters are measured using the set-up depicted in Fig. 2.11 (a), which is comprised of
a 4 port VNA (Agilent E5071A), a three-channel power source (Rigol DP832), 3 bias-tees,
and two arbitrary function generators (Rigol DG5252). Figures 2.11(b)—(d) illustrate the
circulator measured and simulated responses in both static and modulated cases.

First, the circulator static behaviour is investigated by connecting the dc port of the
bias-tees to a dc power supply and terminating their high frequency port with a 50 2 load.
Fig.2.11 (b) depicts the response for a dc bias voltage of V. = 0.95V, where at 500 MHz,
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Figure 2.10: Photograph of (a) fabricated PCB and (b) measurement test bench.

the circuit shows an insertion loss of 5dB and a return loss of 9.95dB.

Second, the circulator modulated response is studied, where a precise phase difference
of 120° is set between the modulating signals by phase locking both function generators
to the same reference clock as shown in Fig.2.11(a). The circulator non-reciprocal S-
parameters for modulation frequency of f,,=110 MHz and peak amplitude of V. = 2.7V
is depicted in Fig.2.11 (c).

From the figure, it is clear that the modulated response has second order filter-like
behavior with a flat passband, and two distinct resonance peaks in both return loss
and reverse isolation. The circulator demonstrates a minimum insertion loss of 4dB
at 500 MHz, and is better than 7dB across the circulator passband. In addition, the
circulator is well-matched with a return loss value of 11.5dB at 500 MHz. The isolation
exceeds 20 dB across the frequency range from 467 MHz to 542.8 MHz, and thus achieving
a 20-dB IX FBW of 15.4 %. Moreover, the transmission phase, depicted in Fig.2.11(d),

shows that the circulator exhibits a linear phase response across the frequency range
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Figure 2.11: Small signal S-parameters: (a) block diagram of measurement setup, (b)
static response, (¢) modulated response, and (d) transmission phase.

highlighted by the shaded region. This indicates that the circulator shows a flat group
delay, which would reduce the distortion due to dispersion in applications where the input
RF signal occupies a finite bandwidth.

Apart from a slight frequency shift and a small reduction in the passband bandwith,
there is a good match between the simulated and measured data. These deviations may
be attributed to either inaccuracy in the parasitic models provided by the vendors for
the various lumped components or imperfections in soldering the components. Also, the
practical implementation of the circulator experiences an extra loss of 1-1.2dB compared
to that of using ideal components. This extra loss is attributed to the finite unloaded @ of
the available lumped components as well as the inclusion of extra components needed for
the design of the biasing and filtering circuitry. It is worth mentioning that this loss can
significantly be reduced by designing the circulator based on microstrip-line resonators.

The harmonics generated due to the STM-AMB are examined using the setup in
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Figure 2.12: Block diagram for measuring: (a) harmonic spectrum and 1-dB compression
point, and (b) third order intercept point.

Fig.2.12 (a). A single tone RF signal at frequency fy =500 MHz and power of P;,=—10dBm
is injected into one port of the circulator using a signal generator (HP8665B). The other
two ports are alternatively connected to a spectrum analyzer (Siglent SSA3021X) and a
50 €2 termination. The corresponding spectra of the signals at the through and isolated
ports are depicted in Fig. 2.13.

At 500 MHz, the received power at the through and isolated ports are Pry,,=—14.6 dBm
and Prx=—35.6dBm, repectively. These values agree well with the measured insertion
loss and isolation. In addition to the carrier tone, there are 4 tones that residue in the
spectrum of both ports. The two tones located at frequencies 390 MHz and 610 MHz cor-
respond to the first order intermodulation products frr-f,, and frr+ f.n, which are lower
than the carrier tone by 12dBc and 11.4dBc, respectively. The remaining two tones at
440 MHz and at 550 MHz are the fourth 4f,, and fifth 5f,, order harmonics of the mod-
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Figure 2.13: Spectrum at through and isolation ports: (a) measured, and (b) simulated.

ulating signal. These tones are independent of the input RF signal, and can be removed
digitally from the spectrum.

Next, the circulator power handling is investigated by using single tone and two-
tone tests. For the single tone test, the input power is swept using the same setup
of Fig.2.12 (a), while for the two tone test, a splitter is used to combine two tones at
495 MHz and 505MHz i.e. 5MHz separation from the circulator center frequency as
shown in Fig.2.12 (b). The simulated and measured data for both tests are depicted in
Fig.2.14. The circulator shows an input 1dB compression point of P1dB=10dBm, and
an input third order intercept point of [IP3=15dBm.
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Figure 2.14: Large signal measurements: (a) single-tone, and (b) two-tone

43



2.4 Summary

A summary of the circulator performance in comparison with the state-of-the art magnetic-
free circulators based on spatio-temporal angular momentum biasing is listed in Table 2.2.
Thanks to using second order coupled resonators, our proposed circulator shows the widest
20-dB IX FBW with acceptable performance in terms of insertion and return losses. It is
worth mentioning that while the focus of this work is to improve the 20-dB IX bandwidth,
the linearity and power handling of the proposed work can be improved through the use

of a differential or N-way circulator topology.
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Table 2.2: Summary of state-of-art magnetless circulator based on spatio-temporal modulation
angular momentum biasing (STM-AMB)

This
Metric\Reference 9] [46] [21] [22] [35] 47]
work
' SE SE SE SE Diff. BB Mod.
Architecture Y Y A A A Diff. Y Diff. Y
Resonator order Second  First First First First First First
65nm 180 nm
Technology SMT SMT SMT SMT SMT
CMOS CMOS
Modulating ele- CMOS NMOS
Varactor Varactor Varactor Varactor Varactor
ment Varactor Switch
Frequency of op- 500 130 1000 1000 1000 915
100 GHz
eration MHz MHz MHz MHz MHz MHz
fm/ frr (%) 22 30.8 14.2 19 10 11 11.6
DC bias (V) 0.95 1.1 N/A 19.6 7.3 8 N/A
Modulation Sig-
2.4 1.3 N/A 5.4 1.1 3.1 N/A
nal (V;;eak)
20-dB IX BW .
15.4 7 13.5tF 2.4 2.3 13.8 2.4%
(%)
IXl(dB) 22 65 47 55 25 29 65"
ILl(dB) 4 9 5.8 3.3 0.78 4.2 4.8
RLY(dB) 11.5 4 16 10.8 23 11.7 11*
IP1dB'(dBm) 10 3.277 112 29 28 N/A N/A
I1P3'(dBm) 15 5.7 N/A 33.7 31 N/A 6
First Order IM »
-11.4 -14 -16 -11.3 -29 -22 -20
products (dBc)
Size (mm?) 53x45  22x17 N/A™ 13x11  2x(13x1 22x22  6x6

Lat center frequency

" Deduced from Fig. 12 in [9]

" Based on circuit simulation

" Unpackaged bare die size is 0.21 mm?

* Using external impedance tuner

1 Estimated from Fig. 17 in [46]
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Chapter 3

Magnetic-free RF Circulators Based
on STM of Higher Order Coupled

Resonators

In this chapter, we study the behavior of higher order (n > 2) circulators. Moreover,
as we increase the order, we examine the relationship between the circulator modulated
20-dB IX FBW and the constitutive static filter 3-dB FBW. Furthermore, we analyze the
insertion loss of higher order single ended and differential circulators. Last but not least,

we provide a lower limit on the modulation frequency to ensure proper operation.

3.1 Reflection, Transmission, and Isolation Responses
of Higher Order STM Based Circulators

In the previous chapter, we have demonstrated that using a 2nd order circulator can result
in 2 notches in the |S3;|dB (IX) response. Moreover, a wideband 20-dB IX FBW can be
achieved by choosing the appropriate 3-dB static filter FBW. Based on that, one might
intuitively assume that we can improve the IX response with further increase in the order.
Thus, we conduct a comprehensive study on the modulation parameters and compare the
circulator response as we increase the order.

Without the loss of generality, we will conduct this study on circulators built in a Y-

topology. It is worth mentioning that the circulator’s order is determined by the number
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Figure 3.1: Investigated higher order circulators: (a) 2nd, (b) 3rd, (c) 4th, and (d) static
response. Here, |Sa| = ]S31|

of resonators in one branch. As explained in the previous chapter, to synthesize a three-
fold symmetric Y-network with a circulator order (n), we should start with a static 2-port
filter network with order of (2n-1). Thus, for this study a third-, a fifth-, and a seventh-
order Butterworth filters are needed for the construction of a 2nd-, a 3rd-, and a 4th-order
circulator, respectively. The static response of all filters is designed for f, =500 MHz and
FBW =25 %. Moreover, for simplicity we assume that all resonators located in one branch
are modulated with the same modulation parameters, namely the modulation frequency
fm and the modulation depth d,,. Also, a progressive phase shift of 120° is applied to
the modulating signals of each branch. Fig.3.1 depicts the investigated 2nd-, 3rd-, and
4th-order circulators along with the corresponding static response.

To thoroughly study the modulated response of higher order circulators, we perform a
2D nested loop for f,, and d,,. For each circuit, we vary the f,,, from 75 MHz to 225 MHz
with a step of 25 MHz. For each f,, value, d,, is swept from 0.1 to 0.8. Regardless of the
circulator order, we observe that across all f,, values: For d,, < 0.2, the non-reciprocity
is weak, while for d,, > 0.5, the passband is highly attenuated leading to an unacceptable

circulator response. Hence, the region of interest is 0.2 < d,,, < 0.5. The results of each
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order are individually plotted in the Appendix A.1, herein we focus on comparing the
|S11], [S21|, and |S3;| of each order for the cases of d,,, = 0.4 and d,,, = 0.5. These values
of d,, are chosen since the overall circulator behavior of all orders shows acceptable levels
of matching, insertion loss, and isolation.

In terms of return loss, Fig. 3.2 depicts the |S1;| of the different orders. As shown in
the figure, the 2nd and 3rd order circulators show two and three reflection zeros in their
passband, respectively. On the other hand, this is not the case for the 4th-order. This
observation negates the original intuition that the number of poles in the |Sj;| should
match the circulator order. Consequently, for the return loss response, increasing the
order beyond 3rd order will have diminishing returns.

Regarding the |Ss;| depicted in Fig. 3.3, clearly we can observe that increasing the
order results in a sharper filter response. Hence, higher order circulators will have the
advantage of a higher out-of-band rejection. It should be noted that in this study we have
ignored the insertion loss and used ideal components. We will discuss the insertion loss in
the next section. Moreover, the |S3;| is shown in Fig. 3.4, where it should be noted that
for most d,,, cases the |S5| is below 20 dB. Moreover, in regards to the number of poles in
the isolation response the 2nd order show 2 poles. Meanwhile, the 3rd order shows mostly
2 poles as well with the exception of the case corresponding to the modulation parameters
fm = 150 MHz and d,,, =0.5. Surprisingly, the 4th order only show 2 poles, which indicates
that the isolation behaves in a similar manner as the return loss. Therefore, increasing the
order beyond 3rd order will not have a significant improvement in the isolation response.

To sum up, increasing the order has the advantage of giving a sharper circulator roll-
off which could be beneficial to attenuate any non-linear effects along the transceiver
chain. For the return loss, we did not observe any clear relationship between the number
of reflection zeros and the circulator order. In the same manner, the number of poles
in the isolation did not increase with the order. This study suggests that a 3rd order
circulator would suffice to provide a modulated response with moderate insertion loss,

high out-of-band rejection, and good matching and isolation.
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Figure 3.2: Modulated |S1;| responses for 2nd, 3rd, and 4th order circulators under opti-
mum range of f,,, and d,,.
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3.2 (Generalized Relationship of Modulated 20-dB IX
FBW and Static Filter 3-dB FBW

The proposed design technique in the previous chapter is a two-step design procedure:
First, the circulator Y-network is synthesized at a desired frequency f, and to attain a
|Sa1| passband of certain 3-dB FBW. Second, the |Ss;| is attenuated by the application
of STM. The modulation parameters (f,, and d,,) are optimized, such that we can reach
a compromise between IL, matching, and 20-dB IX BW. In this section, we would like
to investigate the relationship between the filter static 3-dB FBW and the circulator
modulated 20-dB IX FBW for 2nd, 3rd, and 4th order circulators. We envision that
finding this relationship could act as a lookup table for future designers to choose the
static 3-dB FBW that would satisfy their required 20-dB IX FBW. Fig. 3.5 depicts the
steps taken during this study. As mentioned earlier we will conduct this study for different
orders, hence the first step is to choose the order of the circulator circuit. Second, the
static filter 3-dB FBW is selected, where the FBW under study are from 0 to 30 % with an
incremental step of 5%. We have stopped at 30 %, since this is the maximum fractional
bandwidth that can be practically implemented with conventional lumped or discrete
components. After the Y network is constructed via the steps illustrated in section 2.2.3,
we sweep the modulation parameters. To give a generic description for the modulation
frequency, we normalize it to the 3-dB filter static bandwidth. For this study, f,, is
swept from (0 — 2.5) 3-dB BW. For each f,,, the modulation index is increased until the
isolation is below 20 dB. Any further increase will decrease the 20-dB IX BW and increase
the insertion loss. For illustration, we show the |Ss;| response as we vary d,, for the case
of 3-dB FBW=10% and normalized f,, =1.5. In this case, we stop at d,, =0.25. Finally,
it should be noted that the center frequency is 500 MHz.

The corresponding results are depicted in Fig. 3.6, where we normalize the 20-dB IX
FBW with respect to the 3-dB FBW and normalize the f,, with respect to the absolute
3-dB BW. Interestingly from the figure, one can observe that the normalized 20-dB IX
FBW is almost constant with respect to the normalized f,,. Moreover, the flatness of the

curve is maintained across the different 3-dB FBW. This observation indicates that the
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Figure 3.5: Illustration showing a flow chart of the steps taken to find the relationship
between the circulator modulated 20-dB IX FBW and the static filter 3-dB FBW.

relationship between the normalized 20-dB IX FBW and the normalized f,, is independent
of the filter 3-dB FBW. Furthermore, we can also clearly see that this observation also
applies to the other orders as well. This fact greatly simplifies the design and optimization
of higher order STM based circulators. Fig. 3.7 depicts the 20-dB IX FBW versus the
3-dB FBW evaluated at f,, = 2 % (3-dB BW). From the figure, one can clearly see the
linear relationship, which is maintained across all orders. Matlab is used to curve fit the

simulated data, where the corresponding equation is found to be y = 0.6x.
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Figure 3.6: The normalized 20-dB IX FBW versus the normalized f,, across different
3-dB FBW for (a) 2nd, (b) 3rd, and (c) 4th order circulators.

3.3 Circulator Insertion Loss

Although the isolation is an important metric of a circulator, the insertion loss is also a

key parameter. This is because the circulator is the first component, after the antenna,
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along the receiver chain. As a result the receiver’s overall noise figure is dominated by

the circulator noise figure, which since it is a passive device is equal to its insertion loss.

In this section, we would like to turn our attention to the insertion loss of the circulator,

and its relationship to the modulation frequency. Fig. 3.8 (a) depicts the insertion loss at

the center frequency as we vary the normalized f,, for the different orders. It should be

noted that we fixed the static 3-dB FBW to be 5%.
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Figure 3.8: Insertion loss trends. (a) |Ss1| plotted against the normalized f,, for the
different orders at 3-dB FBW =5%. (b) In-band |S;| response with increasing f,, for
2nd order case.

From the figure, we can observe that the insertion loss decreases (improves) as we
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increase the normalized f,,. Moreover, as we increase the order, the insertion loss increases
(deteriorates). However, the incremental increase in the insertion loss due to the increase
in the order tends to saturate at around f,, = 2.5 % (3-dB BW). Fig.3.8 (b) depicts the
in-band |Ss| response for the case of the 2nd order, where we can clearly observe that

the |So1| response shifts up towards 0 dB as we increase the modulation frequency f,,.
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Figure 3.9: Images of the passband created at the intermodulation products (f.r £ nf).
(a) 2nd order, (b) 3rd order, (c) 4th order, and (d) |Ss;| of all orders, where the images
become more apparent for n > 2.

To further investigate the IL — f,,, dependency, we simulate the various orders over a
wide range of frequency. Fig. 3.9 depicts the results for the case of FBW =5%. From the
figure, we can see that due to the application of spatial-temporal modulation, images of
the passband appear at the intermodulation products. Also, the images at higher order

intermodulation products become more visible as we increase the circulator order. This
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could be attributed to the fact that the filter-like skirt response of the circulator becomes
sharper as we increase the order. Therefore, the images at higher order intermodulation
frequencies can stand out from the filter roll-off skirt (Fig.3.9(d)). Another point of view
is that as we increase the circulator order, the amplitude of the higher order intermodu-
lation mixing products increases leading to their prominent appearance in the spectrum.
The reason behind the increase in the insertion loss as we increase the circulator order
(Fig. 3.8 (a)) could also be explained by noticing that at the intermodulation products the
response is also non-reciprocal. This indicates that some energy is consumed to break the
reciprocity at the intermodulation products, whose mixing product order increases as we
increase the circulator order.

Fig. 3.10 (a) shows the spectrum of the 2nd order circulator (FBW=15 %) as we increase
the modulation frequency. From the figure, we can see that the images effectively create
transmission zeros in the circulator frequency response. From microwave filter theory, it
is well known that placing transmission zeros very close to the passband of the filter cause
the insertion loss to increase. Thus, increasing f,, pushes away the images, and hence the
accompanying transmission zeros away from the passband. As a result the insertion loss
decreases. This is confirmed by Fig.3.10 (b) where the in-band insertion loss decreases
as we increase the modulation frequency (to generalize we normalized it to the filter 3-

dB BW). Similarly, the |Sy;| amplitude at the intermodulation products decreases as we
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increase f,, indicating that they are shifted towards higher frequencies.

It is worth mentioning that increasing the f,, has the advantage of improving the
insertion loss, however from a practical implementation point of view there should be a
sufficient f,; — f,, isolation. As f,, increases, it approaches f,; and reduces the isolation,
which forces the designer to use complicated duplexer circuits (in most cases these circuit
trade isolation with insertion loss). This fact puts an upper limit on the choice of f,,.
Gaining insight of the images created at the intermodulation products can be used to
find the lower limit of f,,. Recall from the sampling theorem that if the sampling fre-
quency does not follow Nyquist sampling rate (f; > 2BW), then aliasing will occur [48].
Considering both factors, we find f,, =1.5(3-dB BW) is a good starting point.
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Figure 3.11: Comparison of single ended and differential typologies for 2nd order circulator
for FBW =5 % and fm =50 MHz. (a) |521| and |531|. (b) In-band |521|.

3.3.1 Differential Topology

In [22], magnetic free circulators using STM of RF resonators connected in a differen-
tial topology have been suggested to reduce the insertion loss. Fig.3.11 compares the
S-parameters of 2nd order circulators with single and differential typologies. Both circu-
lators are designed for FBW of 5 %. It should be noted that the modulation parameters
of both circuits are optimized, such that the isolation is below 20dB. Also, the differen-
tial topology needs lower values of modulation frequency and depth to reach the 20-dB
IX level (fi,se=50MHz and f,, pirr. =25MHz, {55 =0.09 and {p;sr =0.14). Moreover

from Fig.3.11(a), we can see that the differential typology managed to not only remove
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the images at the f,; & f,,, but also to make the response at these frequency reciprocal.
As a result, more energy is preserved, and the insertion loss decreases by about 2 dBs as

shown in Fig.3.11(b).

3.4 Conclusion

In this chapter, we first investigate the behaviour of higher order STM based circulators,
namely 2nd, 3rd, and 4th orders. Based on these studies, we conclude that increasing
the order has the advantage of having a sharper roll-off. In contrary to our initial intu-
ition, increasing the order did not result in additional poles in the reflection and isolation
responses. Second, we investigated the relationship between the modulated circulator 20-
dB IX FBW and the static filter 3-dB FBW. The study reveals that a linear relationship
exists and is found to be y = 0.6x. Moreover, this relationship is independent of the
modulation frequency as well as is valid to all investigated orders. Finally, we investigate
the dependency of the circulator insertion loss on the modulation frequency. Our study
shows that STM creates images of the passband at the intermodulation frequencies. As
a result Nyquist sampling theorem can be applied to set a lower limit on the modulation
frequency (f,, = 2BW). Moreover, the images create transmission zeros in the circulator
passband. Thus, increasing the modulation frequency pushes the transmission zeros away
from the passband causing a reduction in the insertion loss. Another important point to
mention is that increasing the modulation frequency reduces the f,.; — f,, isolation. As a
result we propose a starting value of f,, = 1.6 BW. Finally, we illustrate that employing
a differential topology improves the insertion loss, since it cancels the images created at

the intermodulation frequencies..
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Chapter 4

Novel Multi-functional
Non-Reciprocal Filtering Microwave

Power Divider Using Space-Time
Modulated )\,/2 Resonators

This chapter reports a novel multi-functional microwave power divider (PD), where the
proposed circuit is designed to provide, in addition to a 3-dB equal-power split, the
responses of a bandpass filter (BPF) and an isolator. First, the co-design of a PD and BPF
is achieved through the use of six distributed varactor-loaded half-wavelength resonators
arranged into two branches of three inline coupled resonators. Second, the isolation
functionality is integrated by spatially and temporally modulating the varactors with
sinusoidal signals, which breaks the reciprocity without relaying on bulky magnets. As
a proof of concept, an isolating and a filtering power divider (IFPD) is designed at a
center frequency of 900 MHz and a fractional bandwidth (FBW) of 5%. The fabricated
prototype shows an insertion loss of 3.37dB, a port-to-port isolation better than 20dB
across the band, a 20-dB reverse transmission isolation bandwidth of 45 MHz, and an

impedance match at all ports better than 10dB across the operating bandwidth.
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4.1 Introduction

The everlasting demand for reducing the cost of wireless communication systems, and at
the same time supporting more services has fueled researchers to devise various minia-
turization techniques. One common approach is to replace a cascade of devices with a
single device having the capability of performing the functionality of all the replaced de-
vices. This approach has the advantage of not only size reduction, but also alleviates the
insertion loss of the additional interconnects [49, 50].

BPFs, PDs, and isolators are crucial components in most modern wireless systems.
Several literature report the co-design of a BPF and a PD (a FPD) [51-53]. In [51],
the A/4 transmission lines of a conventional Wilkinson power divider are replaced by J-
inverters along with a number of coupled resonators. The resonators are implemented as
a folded net-shaped microstrip resonators. Based on that, the authors have demonstrated
a FPD with a second and a third order Chebyshev bandpass filter response. Also, they
have presented a PD with a fourth order quasi-elliptic filter response with two transmis-
sion zeros to improve the filter selectivity. In [52], the authors have improved the in-band
isolation and reduced the amplitude and phase imbalances by introducing a highly sym-
metric coupling FPD structure. In [53], a tunable FPD with quasi-elliptic filter response
is presented, where the center frequency is tuned via varactors while preserving the filter
absolute bandwidth.

Regarding isolators, they are non-reciprocal devices that are conventionally imple-
mented using magnets or ferromagnetic materials. This hinders their integration with
CMOS IC fabrication processes, and results in high-cost and bulky devices. In [1], the
reciprocal two-way transmission is broken via the usage of split-ring resonators loaded
with a unilateral transistors. Although a strong non-reciprocity is achieved, the proposed
isolator suffered from poor power handling.

Several approaches are studied to alleviate the need of magnets, one of those is the use
of time-variance [9,13,38]. In [9], the authors have demonstrated that the non-reciprocity
can be broken by biasing the circuit with angular momentum as oppose to using a mag-

netic field. The angular momentum biasing is implemented in the RF /microwave circuits
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domain by modulating a number of RF resonators arranged in space with time-shifted
sinusoidal signals. The authors have referred to such modulation as spatial-temporal
modulation (STM).

Since its introduction, STM has been extensively studied and used in the design of
magnet-free circulators [21,22,35,46,47,54], because of their potential usage in the upcom-
ing 5G full-duplex transceivers. It is worth mentioning that STM differential circulators
have shown excellent performance in terms of low insertion loss, wideband isolation, and
high power handling [22, 35].

Moreover in [55], Wu et. al have illustrated for the first time, to our best knowledge,
the spectral analysis and co-design of an STM based filtering isolator (FI). The fabri-
cated prototype has shown a second order Chebyshev filter-like characteristics with only
1.5dB of insertion loss and a 20-dB reverse isolation across 15% fractional bandwidth
(fo=200MHz). In addition, reference [56] has generalized the analysis to a coupled ma-
trix representation. To verify the analysis, the authors have demonstrated a magnet-free
FI based on third and fourth order Chebyshev filters. It should be noted that the fil-
ters have been implemented by A/4 microstrip resonators, which led to a significant size
reduction.

Furthermore, the first demonstration of a non-reciprocal filtering splitter was reported
in [57], where the authors cascaded a Wilkinson power divider with a non-reciprocal
magnetic-free filter. It should be noted that the two circuits are designed individually,
then they are cascaded serially. On the contrarily, in this work we combine the well-
established microwave filter design techniques with the concept of STM to design an
isolating and a filtering 3-dB microwave power divider (IFPD). The proposed IFPD can
replace the conventional cascade of the three individual components (Fig. 4.1 (a)) with a
single component (Fig. 4.1 (b)), hence it can save considerable area as well as reduce cost
and insertion loss. This chapter is organized as follows. Section 4.2 discusses the analysis
and circuit design which is decomposed of static and modulated modes. The static mode is
focused on the filter and power divider co-design, while the modulated mode is dedicated

for the integration of the isolator functionality through STM. Section4.3 discusses the
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Figure 4.1: Block diagram of a generic RF front-end with (a) individual isolator, BPF,
and a PD and (b) proposed IFPD.

measurement results and their correlation with simulations. Section4.4 concludes the

chapter.

4.2 Analysis and Circuit Design

As demonstrated in [11,55, 58], the circuit behaviour during forward transmission is not
significantly affected by the application of space-time modulation. This finding simplifies
the design process, since one can firstly design the circuit to satisfy a certain desired static
response. Secondly, the modulation is applied to yield a non-reciprocal response.

In this section, we start by synthesizing the static circuit response to achieve a 3dB
power divider with an integrated functionality of a bandpass filter. After that, the non-
reciprocity is broken by modulating the circuit simultaneously in space and time, and

thus realizing an isolator.

4.2.1 Static Mode

4.2.1.1 Theoretical Analysis

The proposed topology for the filtering 3-dB power divider (FPD) is shown in Fig.4.2 (a) .
As depicted, the FPD is composed of two branches split at the input port/source, and
each branch has 3 coupled resonators. Under even-mode excitation, the circuit behavior
is reduced to only one branch as shown in Fig.4.2 (b). This equivalent circuit constitutes

a 3-pole filter whose response can be sculptured into any desired response by specifying
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(b)

Figure 4.2: (a) Topology of the proposed filtering power divider and (b) Equivalent topol-
ogy under even-mode excitation.

the external quality factor and coupling coefficients. The corresponding coupling matrix

for this 3-pole filter can be described as [44]

0 (Ms), 0O 0 0
(MSI)F Mll M12 M13 O

M = 0 My My My 0 (4.1)
0 Mg My Msz Msy,
0 0 0 Msg 0

, where we only assume direct coupling i.e. neither cross coupling nor source/load coupling
exist. Also, we consider all resonators to have the same resonant frequency (synchronously
tuned filter), which implies that M;; = Moy = M33=0. It should be noted that since we
are operating under even mode excitation, therefore the filter source impedance is half
that of the original power divider. This can be expressed in terms of the mutual coupling

as

(Ms1)p = V2 x (Ms1)g. (42)
Moreover, Mg; can be written as

1

\/Qe,in x FBW

Mg =

(4.3)
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, where FBW is the filter fractional bandwidth and Q. ;, is the input quality factor.
Combining (4.2) with (4.3) and at given FBW results in

(Qe,in)F = 0.0 % (Qe,in)s- (44)

The significance of (4.4) is that the filter and PD will have the same input impedance
characteristics, despite adding a second branch, if the filter is designed with twice its Qe .
Meanwhile, all the other coupling coefficients are kept unchanged.

For illustration, we choose a 3-pole Chebyshev filter with 0.043 dB passband ripple
level, center frequency fo =900 MHz, and FBW =5%. This corresponds to lowpass pro-
totype values of go = g4 = 1, g1 = g3 = 0.8516, and g, = 1.1032. From the LPF prototype,

the mutual coupling coefficients can be computed as

1
Mg =
v/ 9091
1
M;; = 4.5
N 4
1
Msp, =

, where i and j=1,2,3 (i#]j). Based on (4.5) and the prototype values, the corresponding

coupling matrix becomes

0 10836 0 0 0 |
10836 0  1.0317 0 0
M=| 0 10317 0 10317 0 (4.6)
0 0 10317 0  1.0836
0 0 0 10836 0

With the given f, and FBW, the PD external quality factors and coupling coefficients

can be computed through

2
e 4.
Qe,m FBW x M§17 ( 7)
1
e,out — 5 4.
Ceou FBW x M2, (4:8)
k?lg = FBW x Mlg = k‘zg, (49)

, which are found to be: Q¢ =34.1, Qe our =17, and ki = ko =0.0516.
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Figure 4.3: (a) Half-wavelength symmetrically varactor-loaded resonator, (b) odd-mode

half circuit, and (¢) C-V curve and circuit model of Skyworks SMV1232 varactor with
L;=1.7nH, R, =1.5(, and C, =0.68 pF.

4.2.1.2 Resonator

In this work, we choose a half-wavelength resonator, which is symmetrically loaded on
both sides with varactors. The voltage distribution of the fundamental resonant mode
has a virtual RF ground at the center of the resonator as depicted in Fig.4.3 (a). As
explained in [58], this virtual RF ground provides an inherent isolation between the RF
signal (f,r) and the DC/modulating signal (f,,). As a result, a high f,; — f,, isolation
can be achieved, which extremely simplifies any required additional duplexing circuits.
The resonator’s input admittance under odd-mode excitation (Fig.4.3(b)) can be

found to be
0
Yin = j(wC, — Y}cot(§)). (4.10)

The resonant frequency can be evaluated by equating Y;, =0, resulting in

Y, 0
fres - m cot (5) (411)
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For a target resonant frequency of 900 MHz and by setting Z, =802 and § =127°,
the loading capacitor value becomes C,, =1.1pF. Skyworks SMV1232 varactor is used in
this work, whose C-V' curve and circuit model are shown in Fig.4.3 (c). Based on that, a
dc bias voltage of V. =5V corresponds to the required capacitance.

4.2.1.3 Filtering Power Divider Implementation

In this section, we follow Dishal’s methodology [44,59] to realize the desired filter pa-
rameters (Qe in, Qeout, and coupling coeflicient K = K5 = Ky3). In order to reduce the
resonator form factor, we fold it to form a ring-shaped resonator as shown in Fig. 4.4 (a).
Moreover according to Dishal’s method, design curves relating the filter electrical param-
eters to the physical dimensions are needed.

First, for Q¢ in and Qe out, @ two-port network is formed by coupling two sources on
each side of the resonator. The coupling is done through a coupled-line structure, which is
formed between the feedline and the lateral side of the resonator as depicted in Fig. 4.4 (a).
Then, the Q. can be determined from the |Ss;| (dB) response by applying

2y
Afaas

, where fp is the resonance frequency (fixed at 900 MHz by the biasing voltage V;.) and
Afs4p is the 3-dB bandwidth. It should be noted that the feedline for Q. ;, is longer as

Qe

(4.12)

compared to that of Q¢ . Also, its source impedance is Z; = 1002, while for Q¢ o its
Zs = 50€). This is to account for the second branch that will be added to form a power
divider, and to keep the input impedance unaltered, respectively. Finally, for simplicity
the V. is fed through an ideal RF choke.

The Q. is affected by how much power is coupled through the coupled-line structure.
Thus, it is dependant on the gap of coupled-line (gy), the length of coupled-line (L. /L.2),
and the capacitor connected to the end of the feedline (C;/Cs). Qualitatively, the capac-
itor value changes the voltage/current distribution along the feedline, hence changes the
amount of coupled energy concentrated in the region of coupled-line structure.

Fig. 4.4 (b) shows the extracted @, for different capacitor C values and coupled-
line L. length under a fixed gap of gy =0.2mm. It is observed that . ;, is inversely
proportional to both L. and C. According to this figure, a Q. ;,, = 34.1 can be realized at
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L. =20.9mm and Cy =2pF. Similarly, Fig. 4.4 (¢) shows the extracted Q. . for different
capacitor Cy values and coupled-line L., length under a fixed gap of gf =0.2mm. In this

case, a Qe oyt = 17 can be implemented at L.y =20.2mm and Cy =2pF.

Qe,in L Qe,ou!
- 13 R
s > m— P L¢
o Z=50 Q i A Z=500
L12 wpz
> B 9;
>4
Lf1 w' Lr1
LCZ
L 1
o >Hw
Lr2
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> o 1o T 7. —1 ¢ [
z=1000 T Ve T z=10a & T Ve TG
(a)
50 T T T T 1
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Figure 4.4: (a) Circuit model for extracting Qcin and Qeour- (b) Qein and (¢) Qeout
for different coupling length and capacitor values. Here, L =45mm, L =10mm,
L¢s=5mm, L1 =29.2mm, Lo =9.3mm, W, =0.42mm, Wy, =1.78 mm, Wy =0.5mm,
W, =0.73 mm.
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Second, for the coupling coefficient (K) we construct a 2-port network composed of
two resonators separated by a distance (S5). Then, each resonator is weakly coupled to
a source of 502 impedance as depicted in Fig.4.5(a). The weak coupling condition is
applied to eliminate the loading effect of the source impedance, and is enforced by the
ideal transformer turn ratio (N).

In general, the coupling between 2 resonators in close proximity of one another is due
to their intertwined time varying electric and magnetic fields. Depending on the relative
orientation of the 2 resonators, a single or mixed electrical and magnetic coupling can
be present. In our case, both coupling exist, also they tend to cancel one another [44].

Hence, the total coupling is given by
k:|km|_|ke" (413>

From the |S31| (dB) response shown in Fig. 4.5 (a), two resonance peaks can be observed.

The coupling coefficient can be quantitatively computed as

_ A
2+ f2

, where f; and f, are the first and second resonant frequency, respectively. It should be

(4.14)

noted that the transformer turn ratio (N) is adjusted, such that the minimum between
the two peaks is at |Sy;| =40dB (it is a sign for satisfying the weak coupling condition).

The distance S between the resonators is varied, then (4.14) is used to calculate K at
each case. Fig.4.5(b) summarizes the results, where one can observe that K is inversely
proportional to the distance between the two resonators. It is worth mentioning that
at a much higher S-value, K will reach zero. With further increase in S, it will start to
increase again. This attributes to the significant decrease in the electric field until the only
coupling mechanism is due to the magnetic field. According to this figure, a K =0.0516

can be realized at S =0.6 mm.

4.2.2 Modulated Mode
4.2.2.1 Ideal Studies

In order to find the optimal STM parameters, we conducted a parametric study (as sug-

gested in [42]) on an ideal filtering power divider (Fig. 4.2 (a)) with the same characteristics
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Figure 4.5: (a) K-extraction circuit model and (b) K versus the distance between res-
onators. Here, N=65.

specified by the even-mode filter discussed in the previous section. It should be noted
that the resonators are modeled as ideal LLC tanks with a time varying capacitor, which

is mathematically described as
Ci(t) = Cy [1 + € cos(wpt + (1 — 1)9)], (4.15)

where 7 = 1,2, 3. C, is the capacitance calculated in the static mode, w,, is the modulation
angular frequency, £ is the modulation index, and ¢ is the progressive phase shift. For
simplicity, we assume all the resonators have the same modulation index and frequency.
This study is conducted in ADS with the help of harmonic balance simulation tool.

Fig. 4.6 summarizes the simulation studies, where the first three columns correspond to
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the frequency response with respect to changing f,,/f.¢ (fm normalized to f, ;=900 MHz),
&, and ¢, respectively. The fourth column shows the circuit response under optimal
modulation parameters, namely f,,/f,=0.044, £ =0.075, and ¢ ="55°. The five rows in
the figure are for the filtering power divider |Si1], |Sa1|, [S12|, [S22], and |Sss|, respectively
in dB.

As shown in the first column when f,,,/ .y > 0.06, the |S1;| and | Sy | responses improve
and show 3 deep distinctive reflection zeros. However, the |Sy;| and |S}2| show weak non-
reciprocity despite being close to 0 dB. Moreover, the port-port isolation |Sss| deteriorates
to around 10dB. For f,,/f.; <0.03, although the response shows strong non-reciprocity,
deep port-to-port isolation, and good matching at both ports, the passband becomes very
narrow (response resembles a 1-pole filter response). Based on that, the optimum choice
for f,,/f-r lies in the range 0.03-0.06. A good compromise is found at f,,/ f.r =0.044.

In regards to the modulation index &, the second column shows that the smaller £, the
lower the insertion loss |Sy;| and the better the matching at both ports (|S11] and |Sas|).
For instance, although |Si2| and |Ss2| becomes significantly low at around £=0.2, the
|So1| deteriorates reaching around 10 — 15 dB. The deterioration in |Ss;| with the increase
in £ can be attributed to shifting the resonance frequency outside the filter passband.
Therefore, £ should be kept relatively small, and based on the figure a good response can
be achieved at £ =0.044.

Regarding the progressive phase shift ¢, it is interesting to note that |Sy;| and |Sis]
have odd-symmetry to one another around ¢ = 180°. Moreover, the port-to-port isolation
|S32| has even symmetry around ¢ =180°. This observation can be useful since we can
change the direction of forward transmission while maintaining high port-to-port isolation.
For ¢ > 120°, the matching at both ports show only one deep reflection zero, which narrows
down the operational bandwidth. A good compromise is found at ¢ =55°.

4.2.2.2 STM Practical Implementation

In the previous section, we assumed perfect f,, — f,¢ isolation. Moreover, the inherent
isolation due to the virtual ground of the A/2 voltage distribution is only valid under odd

mode excitation. In general, the resonator will be excited with both even and odd modes,
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Figure 4.6: Parametric study of the proposed non-reciprocal power divider (the dashed
line corresponds to the nominal response). First column shows the effect of varying
fm/[rr (2) |S11], (b) |Sa1], (c) |Sia], (d) |Sa2|, and (e) |Ss2|. The second column (f)—(j)
illustrates the effect of varying . The third column (k)— (o) shows the effect of varying
¢. Nominal response is highlighted in the fourth column (q)—(t).
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Figure 4.7: (a) Circuit model used to study f,, — f.; isolation. (b) f,, — f.r isolation
(|S31], dB) under no inductor and with L,,=68nH. Here, V;.=5V.

and therefore the even mode will deteriorate the inherent isolation.

Fig.4.7 (a) is used to study the f,, — f.f isolation, where an inductor is added before
the dc voltage and f,, source. The inductor acts as a first order LPF, and it is worth
mentioning that thanks to the virtual ground we only need to use a first order as oppose
to a third order [42]. From Fig.4.7(b), we can observe that without the inductor the
isolation at f,; is only 10dB, however adding an inductor with a value of L,,=68nH
increases the isolation to about 30dB. It should be noted that increasing the value of
L,, will help improving the isolation but on the expense of a larger inductor package size

(more parasitics). In this work, we used an inductor value of L,,=68nH.

4.2.3 Overall IFPD Design

As a final step, we combine the FPD geometrical parameters extracted from the static
mode with the isolator STM f,,, — f,; isolation circuitary from the modulated mode to

yield a novel filtering power divider with integrated functionality of an isolator, namely a
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IFPD.

The proposed circuit is implemented on Rogers R04003 substrate with €, =3.55, tan-
gent loss of 0.0027, and thickness of h=0.813mm. ADS momentum is used for EM
simulation and optimization. It should be noted that we used vendor provided models for
all passives to account for any parasitics. Fig.4.8 depicts a sketch and a photograph of
the fabricated overall IFPD circuit. Optimized geometrical values are found in the inset
of the figure. The prototype’s size is 105 mm x 45mm (0.59\, x 0.42)\,), where A, is the

guided wavelength at the design frequency.

4.3 Measurement Results and Discussion

Fig. 4.9 shows the measurement setup for both small and large signal characterization.
The setup is composed of a 4-port VNA (Agilent E5071A), a three-channel power source
(Rigol DP832), 3 bias-tees, two arbitrary function generators (Rigol DG5252), two signal
generators (HP8665B), and a spectrum analyzer (Siglent SSA3021X).

The static behaviour is investigated by connecting the dc port of the bias-tees to a dc
power supply and terminating their high frequency port with a 502 load. The supplied
dc bias voltages are Vy.qy = 4.81V, Vo = 5.06V, and Vy.3 = 4.2 V. The difference in the
bias voltage of each resonator is due to the following reasons: First, during the overall
EM optimization process, the method of port tuning is implemented [59,60] in order to
maintain the desired equal-ripple return loss response. As a result, the resonant frequency,
and hence the bias voltage, of each resonator is different. Second, as to compensate for
any asymmetry that can arise from the unequal fabrication tolerance and parasitics of
each varactor.

The simulated and measured responses for exciting the prototype from ports 1 (|S11],
|Sa1], and |S31|) and 2 (]|Saal, |S12|, and |Ss2|) are depicted in Fig. 4.10 (a) and Fig. 4.10 (b),
respectively. Due to the circuit symmetry only port 2 responses are reported. From
Fig.4.10 (a), it is clear that the prototype shows simultaneously the behaviour of a band-
pass filter with flat passband and an equal split power divider. The measured insertion

loss (]S21]) is 5.8dB (3 + 2.8dB), which is mainly due to the conductor loss, varactor
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Figure 4.8: (a) Illustration of overall IFPD circuit and (b) Photograph of the fab-
rication PCB. Here, L =55.02mm, L, =33.14mm, L,; =28.48mm, L,;=29.34mm,
S1=0.66mm, Sy =0.56 mm, W, =0.73mm,W;=0.42mm, Gy =0.2mm.

loss, and the small fractional bandwidth of the filter. The measured 3-dB bandwidth is
53 MHz. The measured input matching (]S11|) is better than 15dB across the bandwidth.

Fig.4.11 depicts the measured in-band amplitude and phase imbalances, which reports
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Figure 4.9: Photograph for the measurement setup.

that the amplitude imbalance is below 1dB. Meanwhile, the maximum phase imbalance
is 10° at the edge of the passband.

For the excitation from port 2, as shown in Fig. 4.10 (b) since we are in the static mode,
therefore the response is reciprocal i.e. |Sia| =|S21|. The measured matching (|Sas|) is
better than 10 dB across the bandwidth. Furthermore, the measured port-to-port isolation
|S32| is around 12 dB. This low port-to-port isolation is an inherent property in microwave
T-junction splitter. As will be discussed, the application of STM will enhance the port-
to-port isolation.

Second, the circuit is modulated with 3 sinusoidal signals (generated by two phase-
locked arbitrary function generators) of frequency f,, =45MHz, progressive phase of
¢=>55° and amplitudes of V,,; =1V, V,,,,=1.09V, and V,,3=0.91V. Fig.4.12(a) illus-
trates the response due to exciting from port 1. Apart from a small reduction in the
passband, the response still has a filtering power divider characteristics. Moreover, the
measured insertion loss (|Ss1|) is 6.37dB (3 + 3.37dB). The additional 0.6 dB loss in the
modulated case as compared to the static case is due to the generation of intermodulation
products during STM. The measured 3-dB bandwidth is 45 MHz. The measured input
matching (|S11]) is better than 10dB across the bandwidth.

Fig.4.12 (b) depicts the excitation from port 2. The measured input matching (|Ss2|)
is better than 10dB across the bandwidth. Under STM, the reverse transmission (|S12|)
is attenuated to become less than 20 dB across the band. To highlight the non-reciprocal

response, Fig.4.13 compares the forward (]S2;|) and reverse (|Sia|) transmission, where
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Figure 4.10: Measured and simulated Static S-parameters (a) [S11|, [S21], and [Ss1|. (b)
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Figure 4.11: Measured amplitude and phase imbalance.
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Figure 4.12: Measured and simulation S-parameters under modulation: (a) [S11], [S21],
and ’531|. (b) ‘SQZL ‘532‘, and ’512|.

a directivity (D =|S21| — |Si2]) of 14dB is achieved across the band. Furthermore, the
port-to-port isolation (|Ssz|) shows two deep notches around 30 dB at the passband edges,
and it is better than 20dB throughout the operational bandwidth.

Fig.4.14 compares |Sss| in the modulated and static cases. It is clear that the |Sss
improved significantly by at least 15 dB. It is worth mentioning that the poor port-to-port
isolation of microwave T-power dividers is conventionally tackled by adding a resistor in-
between the ports i.e. realizing a Wilkinson power divider. Herein, we alleviated the need

of a resistor, and achieved a deep |Ssz| through the application of STM.
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Figure 4.14: Measured and simulation port-to-port isolation S3, in static and modulated

modes.

The harmonics generated due to the appli

cation of STM are examined using a single

tone RF signal at frequency fy =890 MHz and power of P;,,=—15dBm. When the tone is

injected at port 1 using a signal generator (HP8665B), port 2 is connected to a spectrum

analyzer (Siglent SSA3021X) and port 3 is terminated to 50 €. In the following discussion,

the resulting output spectrum will be referred to as P»;. Similarly, we injected a signal

through port 2, and observed the spectrum

their output spectra will be referred to as Py

at port 1 and port 3 successively, where

and Pso, respectively. Fig.4.15 depicts the

resulting spectrum, where all output spectra are normalized to the output power at port

2 when injecting the signal from port 1 (Ps).
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At 890 MHz, we can observe the non-reciprocal response due to STM, since Pj5 is lower
than P, by about 14 dB. This result agrees well with the measured directivity observed in
the S-parameters. In addition, the port-to-port isolation is evident as the Ps, is lower than
P»; by about 20 dB. From the figure, we could also observe the first order intermodulation
products f,¢-f,,, =845 MHz and f, s+ f,,, = 935 MHz, which are lower than the carrier tone
by 22dBc and 12dBc, respectively. Although not shown here for clarity, higher order
harmonics of the modulation frequency also exists in the spectrum, however these tones
are independent of the input RF signal, and can be removed digitally from the spectrum.

Next, the prototype power handling is investigated by using single tone and two-tone
tests. For the single tone test, the input tone power is swept using the same setup used in
the harmonic analysis, while for the two tone test, a combiner is used to combine two tones
at 885 MHz and 895 MHz i.e. 5 MHz separation from the prototype center frequency. The
simulated and measured data for both tests are depicted in Fig. 4.16. The prototype shows
an input 1dB compression point of P1dB=3.5dBm, and an input third order intercept
point of IIP3 =8 dBm.

£ 0 . . « . _P.

2’ -10 —Ei A .

;% -20 | ” 1
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* - Ve i et
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Figure 4.15: Measured spectrum normalized to the forward transmission output power.
Here, P, is the output power at port 2 when exciting from port 1. P is the output power
at port 1 when exciting from port 2. Pj, is the output power at port 3 when exciting
from port 2.
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4.4 Conclusion

This chapter presents a novel multi-functional microwave circuit, namely an isolating and a

filtering 3-dB power

is achieved by using even/odd analysis and simple coupling matrix synthesis method.
Meanwhile, the integration of the functionality of an isolator is enabled through the
application of spatial-temporal modulation. The introduced concepts are verified by the

good correlation between the simulation and measurement results. Finally, the introduced

divider. The co-design of a bandpass filter and a 3-dB power divider
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concepts can be extended to other microwave components, such as couplers and antennas,

which would give rise to a new breed of low cost and miniaturized RF front-ends.
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Chapter 5

Conclusion

5.1 Summary

In this dissertation, the analysis, design, and optimization of non-reciprocal higher-order
magnetic-free microwave circuits are presented.

In chapter2, a generic synthesis method for single-ended bandpass/Y second order
STM-based circulators is presented. The proposed method is based on the observation
that the circulator optimum modulated passband response is almost identical to that of a
static 2-port filter whose order corresponds to the number of resonators in the circulator
arm. This finding suggests that the circulator design can be done in two steps: First,
the circulator static 3 port network response is synthesized based on the desired passband
characteristics. Second, the circulator modulated response is optimized by the parametric
study of the modulation frequency and depth. Furthermore, the proposed methodology
is studied for different filter 3-dB FBW cases. For each case the optimum 20-dB IX FBW
and the corresponding modulation parameters are recorded. Based on that, a linear
relationship between the static filter 3-dB FBW and the circulator 20-dB IX FBW is
found. This relationship can act as a guideline for designing second order STM-based
circulators with arbitrary 20-dB IX FBW. For demonstration, a second order circulator
with wideband 20-dB IX FBW is designed and fabricated. The fabricated prototype shows
a 20-dB IX FBW of 15.4 %, low insertion loss of 4 dB, and good impedance matching of
12dB.
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In chapter 3, the behaviour of 2nd, 3rd, and 4th order STM-based circulators are rig-
orously studied. Based on that, the following conclusions are drawn: First, increasing the
order has the advantage of giving sharper roll-off i.e. higher out-of-band rejection. Sec-
ond, increasing the order did not provide additional poles in the reflection and isolation
responses. In addition, the insertion loss/modulation frequency dependency is investi-
gated for all orders, where our study shows that the application of STM creates images
of the passband at the intermodulation frequencies. Moreover, increasing the order re-
sults in creating more images at higher mixing products, leading to an increase in the
insertion loss. Furthermore, the Nyquist sampling theorem is used to set a lower limit
on the modulation frequency (f,, = 2BW, where BW is the 3-dB bandwidth of the
circulator-constitutive 2-port filter) as to avoid aliasing. Aliasing cause distortion in the
circulator passband and limits the insertion loss to above 3dB. Moreover, the passband
images create transmission zeros in the circulator response. Thus, increasing the modula-
tion frequency pushes the transmission zeros away from the passband causing a reduction
in the insertion loss. Another important point to mention is that increasing the mod-
ulation frequency reduces the f,; — f,, isolation. As a result, a value of f,, = 1.6 BW
is proposed as a compromise. Also, the relationship between the modulated circulator
20-dB IX FBW and the static filter 3-dB FBW is investigated. It is revealed that a linear
relationship exists, which is independent of the modulation frequency as well as it is valid
for all investigated orders.

Chapter 4 presents a 3-dB microwave power divider with the integrated functionality
of a bandpass filter and an isolator. As discussed in chapter 2, the static and modulated
responses of a circulator can be designed separately without significantly affecting the
overall passband. This concept is also applied in this design, where the co-design of a
bandpass filter and a 3-dB power divider (i.e. a filtering power divider) is first realized in
the static mode, then the isolator functionality is added in the modulated mode through
the application of STM. As a proof-of-concept, an isolating and filtering power divider is
designed at center frequency of 900 MHz and fractional bandwidth of 5%. In the static
mode, a 3-pole Chebyshev filter with passband ripple of 0.043dB is chosen. Moreover,
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the resonators are implemented as folded varactor-loaded A/2 transmission lines. Fur-
thermore, to account for the power division functionality, the filter input quality factor
is doubled i.e. the filter is designed with asymmetric input/output quality actors. In
the modulated mode, the varactors are modulated spatially and temporally , and the
corresponding optimum modulation parameters are found via parametric studies. The
measured overall response of the fabricated isolating and filtering power divider shows
an insertion loss of 3.37 dB, a port-to-port isolation better than 20 dB across the band, a
20-dB reverse transmission isolation bandwidth of 45 MHz, and an impedance match at

all ports better than 10 dB across the operating bandwidth.

5.2 Future Work

For future work, the following suggestions are made:

e To fulfill the demand for high communication data rates, there is an on-going pursuit
to migrate to the millimeter-wave (mm-wave) frequencies. In mm-wave regime,
the multi-GHz of bandwidth can significantly increase the achievable data rate per
channel according to the Shannon theorem. The non-reciprocal circuits presented
in this work are implemented by lumped or transmission line components. At mm-
wave frequencies, these components suffer from high losses, and therefore can not
be used in the design of non-reciprocal microwave circuits at these frequencies. To
tackle this issue, cavity resonators in the form of rectangular /circular waveguides or
substrate-integrated waveguides are proposed as an alternative structure to replace

the lumped/transmission line based resonators.

e The modulating signals used in the application of STM are applied through arbitrary-
function generators that are available in the lab. In practice, an integrated local
oscillator or a frequency synthesizer is needed for the generation of the modula-
tion signals. Moreover, the design of phase shifters are also needed to provide the

necessary progressive phase shift between the space-time modulated resonators.
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Appendix A

Appendix

A.1 2D Variation of modulation parameters for 2nd,
3rd, and 4th order circulators

In chapter 3, we wanted to study the circulator modulated behaviour as we increase the
circulator order (n=2,3, and 4). To that end, we have performed a 2D nested loop for
fm and d,,. For each circuit, we vary the f,, from 75 MHz to 225 MHz with step of
25 MHz. For each f,, value, d,, is swept from 0.2 to 0.5. Figures A.1, A.2, and A.2 depict
the |S11], [S21], and |Ss1| of 2nd, 3rd, and 4th order circulator, respectively. From the
figure, it is clear that the circulator behaviour of all orders are near-optimum (we say it

is near-optimum since the isolation is below 20 dB) for d,,=0.4 and 0.5.
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Figure A.1: Variation of modulation parameters f,, and D,, of 2nd order circulator.
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Figure A.2: Variation of modulation parameters f,, and D,, of 3rd order circulator.
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Figure A.3: Variation of modulation parameters f,, and D,, of 4th order circulator.
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