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ABSTRACT This paper reports on the RF design and practical development of GaAs MMIC multi-functional
RF isolators and quasi-circulators with embedded filtering functionality. They are based on cascaded arrays
of non-reciprocal resonators (NRRs), passive resonators, and impedance inverters. A unique transistor-based
architecture is used for the realization of the NRR that exhibits an one-pole type bandpass response in
the forward direction and RF signal cancellation in the reversed one. By controlling the number and
type of resonators within cascaded resonator arrays, different levels of gain, out-of-band selectivity and
in-band isolation can be obtained. The operating principles of the multi-functional isolator/filtering and
quasi-circulator/filtering concepts are presented through synthesized and linear circuit-simulated examples.
Practical design aspects using a commercially available GaAs MMIC process are also discussed. For proof-
of-concept demonstration purposes, four prototypes were designed and experimentally validated at X-band.
They include: i) a NRR, ii) a two-resonator based frequency selective isolator (FSI), iii) a five-resonator
based FSI, and iv) a two-pole/two-TZ frequency selective quasi-circulator (FSQC).

INDEX TERMS Bandpass filter, circulator, integrated circuit, isolator, miniaturization, MMIC filter, non-

reciprocal filter, quasi-circulator, RF co-design.

I. INTRODUCTION

Miniaturized RF transceivers are increasingly needed in wire-
less and radar communications [1], [2]. While miniaturization
has been primarily focused on the antenna interface [3], [4],
[5] and the active devices (i.e., low-noise amplifier, power
amplifier) [6], [7], [8] of the RF transceiver, their size is often
dictated by the off-chip components, such as the circulators,
isolators and the RF bandpass filters (BPFs) [9], [10], [11],
[12], [13]. Conventional ferrite-based circulators and isolators
provide good insertion loss (IL) levels (IL < 1 dB in [9]),
wide bandwidth and high isolation (IS) (IS > 50 dB [10]),
and do not consume any power. However, they are too large
to be integrated with the rest of the on-chip components [9],
[10], [12], [13]. Furthermore, when passive BPFs are real-
ized with IC-based resonators, they exhibit high levels of IL

(IL ~ 4.5-9.3 dB in [14], [15]). To reduce the size of the
non-reciprocal devices and BPFs, two major miniaturization
approaches have been investigated: i) the integration of the
non-reciprocal components into a chip using MMIC, CMOS,
SiGe, technologies [16], [17], [18], [19], [20], [21], [22], [23],
[24], [25], [26], [27], [28], [29] and ii) the RF co-design of
the non-reciprocal components with the BPFs with or without
ferrite-based elements [31], [32], [33], [34], [35], [36], [37],
[38], [39], [40], [41], [42], [43], [44].

Magnetless RF isolators and circulators are typically based
on transistor-based circuits [16], [17], [18], [19], [20], [21],
[22], [23], [24], [25], [26], [27], [28], [29] that exploit the
inherent unilateral behavior of transistors. Example config-
urations include the combination of a directional coupler
and a non-reciprocal transistor-based element in [16], [17],
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the series cascade of a low-noise amplifier and an attenu-
ator [18], and the parallel combination of a common-base
and a common-collector transistor in [19]. While the isola-
tor in [16] can theoretically achieve infinite levels of IS, its
IS depends on the manufacturing tolerances. Furthermore,
its size is somewhat large for an integrated isolator (0.054x
by 0.0521 vs. 0.004A by 0.003X in [18]). The combination
of the LNA and attenuator in [18] exhibits a very small
physical size (0.004x by 0.0031), however it has high IL.
Despite using an LNA (meant to provide enhanced power
transmission), the prototype results in 2.5 dB of IL. While
some of the circulator topologies exhibit gain in the for-
ward direction [21], [22], [27], [28], [29], [30], not all are
matched at the input/output RF ports [23], [24], [25], [28].
Furthermore, all of the aforementioned configurations [16],
(171, [18], [19], [20], [21], [22], [23], [24], [25], [26], [27],
[28], [29], [30], aren’t frequency selective and therefore their
corresponding RF front-ends require additional BPFs to can-
cel out the unwanted RF signals. In addition, the circulators
in [25] and [29], [[30] exhibit poor linearity with the their
1-dB compression point (P1dB) being less than -2 dBm.
The circulator in [45] demonstrates good linearity, however
it isn’t IC integrated and only covers frequencies up to
3.56 GHz.

In yet another magnetless circuit-based design approach,
spatiotemporally modulated (STM) switched capacitor arrays,
transmission lines or resonator-arrays are employed within
a three-port network to achieve non-reciprocity [46], [47],
[48], [49]. Alternative integration schemes using PCB ([32],
[33], [34], [35], [36], [37], [38], [39], [40], [41], [48]) and
CMOS based integration platforms ([46], [47], [48], [49])
have been demonstrated. However, the operating principles
of many of them have been demonstrated at frequencies
<1.2 GHz (e.g., [32], [33], [34], [35], [36], [37], [40], [41],
[48], [49]). High-frequency implementations of STM-based
circulators using CMOS technologies have also been shown
to higher frequencies as for example at 6 GHz in [50], at 28
GHz in [51] and at 60 GHz in [52].

The second miniaturization technique is based on the com-
bination of the function of the isolator/circulator with the
function of the BPF into a single device [31], [32], [33],
[341, [35], [36], [37], [38], [39], [40], [41], [42], [43], [44].
Using this method, either the BPF or the isolator/circulator
can be removed from the RF front-end. Notable demonstra-
tions include: i) the combination of a BPF and a ferrite-based
circulator (BPFC) in [31], ii) STM-based non-reciprocal BPFs
(NBPFs) in [32], [33], [34], [35], [36], [37], [38], [39],
[40], [41], iii) transistor-based NBPFs in [42], [43] and
iv) transistor-based co-designed BPFs and quasi-circulators
in [44]. While the ferrite-based BPFC in [31] was further
miniaturized by capacitively loading its ferrite disk and by
reconfiguring its transfer function, it exhibits moderate IL
(2.7-4.5 dB) and cannot be integrated in an IC platform
due to the presence of the external magnetic biasing. STM
NBPFs become non-reciprocal by modulating their resonators
using varactors or MEMS [32], [33], [34], [35], [36], [37],
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[38], [39], [40], [41]. Nevertheless, they have only been
demonstrated for frequencies <1.2 GHz and exhibit high IL
(>4.5 dB in [35], [36], [37]) and non-linearities. Transistor-
based NBPFs and BPFs/quasi-circulators [42], [43], [44] have
enhanced power transmission (gain >2.8 dB in [43]) and
moderate-to-high levels of IS in the reverse direction (44 dB in
[42]). However, only one of these topologies has been MMIC
implemented.

Considering the aforementioned limitations, this
manuscript discusses for the first time the design and
practical development of a new class of fully-integrated
frequency-selective isolators (FSIs) and quasi-circulators
(FSQCs) within an MMIC integration platform alongside
their coupled-resonator-based modeling. These new
multi-functional devices aim to decrease the size of the
RF transceiver through: i) the co-design of BPFs and
isolators/circulators and ii) their integration in a MMIC
platform. The proposed concept is designed to operate at
X-band and implemented on a commercially available GaAs
MMIC process. It is based on cascading non-reciprocal
resonators (NRRs) with either passive microwave resonators
and/or a transmission zero (TZ) generation cell. Therefore,
the devised FSI/FSQC can be designed for various transfer
functions with varying levels of IS and frequency selectivity
depending on the type and the number of resonators that are
incorporated in the topology. A detailed design methodology
using coupled-resonator-based filter design techniques is
uniquely demonstrated in this work for MMIC-based FSIs
and FSQC:s allowing for modular and scalable design that can
be tailored to high order filtering transfer functions.

The content of this paper is organized as follows. Section II,
discusses the operating principles and practical implementa-
tion in a MMIC GaAs process of the NRR and the FSI/FSQC.
In Section III, the experimental testing of the GaAs prototypes
at X-band is presented. They include: a NRR, a two-resonator
FSI, a five-resonator FSI, and a two-pole/two-TZ FSQC.
Lastly, the main contributions of the paper are summarized
in Section IV.

Il. DESIGN PRINCIPLES

This section discusses the RF design and operating princi-
ples of the fully-integrated FSI/FSQC concept. It starts by
introducing the NRR concept and its practical implementa-
tion using a commercially available GaAs MMIC process and
continues with its use in the FSI/FSQC through synthesized
and circuit-based examples.

A. NON-RECIPROCAL RESONATOR

The circuit details of the NRR are provided in Fig. 1. It com-
prises two main parallel RF signal paths: i) a transistor-based
path shaped by resistors and capacitors and ii) a capacitively-
loaded transmission line (TL). The transistor-based path is
designed to have gain in the forward direction and isolation
in the reverse direction as seen in Fig. 1(b). The capacitively-
loaded TL is added in parallel to counterbalance the phase of
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FIGURE 1. NRR. (a) Circuit schematic with the transistor-based path
circled in green, (b) Magnitude and phase responses for the
transistor-based path, and (c) Circuit-simulated response for the circuit in
(a). the component values are as follows: Rgs = 45.12, Rgp = 23.6 2, Rps =
10.1 £, Rpp = 770 2, C; = 0.78 pF, Cp = 0.19 pF, Cg = 3.1 pF, and Cg; = 6.0
pF. The transistor used in the NRR is an 8-finger pHEMT.

the transistor-based path and create the non-reciprocal reso-
nance [see Fig. 1(c)].

To illustrate the operating principles of the NRR, the overall
design process is presented by first specifying the transistor,
which is set in a common source configuration, (i.e., looking
into the gate and the drain of the transistor in Fig. 1(a)) and
its bias point so that the NRR can exhibit gain at the design
frequency. It should be noticed that its gain and IS are affected
by the bias point [see Fig. 2].

In order to create the transistor-based path, resistors and
capacitors are placed at the gate and drain of the transistor.
The resistors facilitate a non-reciprocal response that main-
tains gain at the design frequency and unconditional stability
(stability factor £k >1 and auxiliary stability factor B/ >0)
over the entire frequency range. The capacitors are added
to provide control over the frequency at which the maxi-
mum gain, the maximum IS and the best matching for both
the input and output ports occurs. As seen in Fig. 1(b), the
transistor-based path exhibits a positive phase response in the
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FIGURE 2. Design studies varying the bias point of the 8-finger pHEMT
transistor. (a) V. (b) Vp. When not being altered, Vg = 0.8 Vand Vp =2 V.
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FIGURE 3. k and BT as a function of: (a) Rgs, (b) Rgp, (€) Rps, (d) Rpp. When
not being altered: Rgs = 45.1 2, Rgp =23.6 2, Rps = 10.1 2, and Rpp =770 .

forward direction, which is approximately 64° at the design
frequency. When the TL with equal but opposite phase of
the transistor-based path is added in parallel, the circuit in
Fig. 1(a) results in a resonance at the design frequency [see
Fig. 1(c)] as also discussed in [42]. For this particular NRR,
the TL was capacitively-loaded to reduce the overall size of
the transmission line.

To better demonstrate how some of the components in the
transistor-based path affect the overall performance of the
NRR, some design studies are considered and are provided
in Figs. 3 and 4. As it can be seen in Fig. 3(a), Rgs primarily
affects the unconditional stability of the NRR; in particular,
when Rgg is decreased to 30 €2, the conditions k>1 and B/ >0
are no longer satisfied. The gate and drain capacitances (Cg
and Cp) were also altered to see how their values affect the
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FIGURE 4. k and BT as a function of the gate capacitance (Cg) and the
drain capacitance (Cp). (a) Cg. (b) Cp. When not being varied, Cc = 0.78 pF
and Cp = 0.19 pF.
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FIGURE 5. Layout of the MMIC NRR in Fig. 1(a). Green layers: metal, blue:
resistive layer. The component values are as follows: Rgs = 45.12, Rgp =
23.62, Rps = 10.12, Rpp = 770, C¢ = 0.78 pF, Cp = 0.19 pF, Cg = 3.1 pF,
and Cg; = 6.0 pF.

overall stability of the NRR and are provided in Fig. 4. As it
can be seen, the stability (i.e., k) is slightly affected by Cg.

A layout for the circuit showing all of the individual com-
ponents in Fig. 1(a) is provided in Fig. 5. This implementation
uses a capacitively-loaded TL for compactness and has a
blocking capacitor in the path to prevent bias leakage. In order
to properly bias the gate and the drain of the transistor, high
impedance inductors were utilized. The inductors were used
to conserve space and do not add significant loss to the over-
all system. The circuit-simulated S-parameters for the NRR,
when biased at Vp =2V, Vg = 0.8V, are provided in Fig. 1(c),
resulting in 1.0 dB of gain and 24.9 dB of IS at 8.9 GHz. It
is worth noting that the fractional bandwidth (FBW), which is
30.6% for this case, is predetermined by the design parameters
of the NRR and can’t be altered.

B. NRR MODELING USING COUPLING ROUTING
DIAGRAMS

Since the NRR creates a single pole type of transfer function
in the forward direction and a TZ in the reverse one, it can
be represented by the coupling routing diagram (CRD) and
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FIGURE 6. CRD and synthesized response for the NRR in Fig. 1(a) using the
coupling element values in Table 1.

TABLE 1. M-and R-Matrix Element Values for the CRD in Fig. 6

My=M;=M;3~=M,s 1
Mo;s -0.0153-j0.0292
M;; 1.4739-j1.5239
My 2.6895+j0.0614

Ro=Rss 1

Ry, 0.1075-j0.019
R> 1.07-j0.0814
Rs; 0.6328-j0.5082
Ryy 0.1217-j1.1335

its synthesized response in Fig. 6. In particular, the transistor-
based path is represented by the couplings between nodes 1, 2,
3 and 4 (i.e., M2, M3, M3, and M34) while the capacitively
loaded TL-based path is represented by the coupling between
nodes 1 and 4 (i.e., M;4). It should be noted that different
coupling element values are used for the coupling between
nodes 2 and 3 in order to generate the desired non-reciprocal
S-parameters. The coupling element values have been calcu-
lated using the design method in [42] and are summarized
in Table 1. Specifically, the coupling between nodes 1 and
2 and 3 and 4 are set arbitrarily to 1. Next, the couplings
between nodes 2 and 3 (M>3 and M3,) and their associated
R-matrix values (R»> and Rj3;3) are calculated. In this case,
the Y-parameters of the transistor-based path (Y21, Y12, Y11,
and Y»,) are considered. In particular, M3, M3, R, and
R33 are calculated using (1), where Y|, Y5, Y, and Y}
are the scaled Y-parameters of the transistor-based path.
Y|, Y, Y, and ¥}, are defined using (2)—(3).

50 50

Ms3 = —; My3 = —; Ry =50Y}; R33 =505, (1)
Y5 v,
—jY mY;
Yi/l — ]_2/2; Yé/l = 72500 <Y12 ~ i 22) 2)
A 21
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FIGURE 7. Comparison of CRD-synthesized response using the coupling
element values in Table 1 and circuit-simulated response of the NRR in
Fig. 1(a).
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Finally, the coupling between nodes 1 and 4 (My4) is
obtained using the normalized admittance of the capacitively-
loaded TL. Since the phase of the capacitively-loaded TL is
not exactly 90° at the design frequency, the R-matrix values
for node 1, 4 R;; and R4y are found using (4), where Y77,
and Y772, are the admittance of the input and output ports of
TL-based path, respectively. Having specified the M- and the
R-matrix element values of the NRR, its S-parameters can be
calculated by (5)—(7).

Sy = —1+2(R+SU_J’M);/-15—2,N+2 ®)
St =2(R+sU — jM)| \,» ©
Sip=2R+sU — jM)y},, M

A comparison of the CRD-synthesized response and the
circuit-simulated response are provided in Fig. 7. As it can
be seen, the CRD lines up well with the circuit-simulated
response at the design frequency, thus validating the proposed
CRD model. The variances between the CRD response and the
circuit-simulated response outside of the design frequency are
due to the CRD only being applicable to a single frequency.

C. FREQUENCY SELECTIVE ISOLATOR

In order to create a frequency selective isolator (FSI), the NRR
can be cascaded through impedance inverters (i.e., quarter-
wavelength long TLs at f..,) with alternative resonator types
to achieve different types of transfer functions. In particular,
when the NRR is cascaded with additional NRRs, the order of
the FSI, its gain, and IS are increased. If the NRR is combined
with passive microwave resonators, the frequency selectivity
of the FSI is increased, however the gain and IS levels are
the same as in the NRR case when using ideal (i.e., lossless)
passive resonators. Examples of these characteristics are pro-
vided in the CRD-synthesized examples of a two-resonator
FSI in Fig. 8 and a five-resonator FSI in Fig. 9.
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FIGURE 8. (a) Simplified CRD and normalized frequency response for the
second order FSI. (b) Comparison of the CRD-synthesized response and
circuit-simulated response. The coupling element values are as follows:
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FIGURE 9. Simplified CRD and normalized frequency response for the fifth
order FSI. The coupling values are as follows: My; = M;; = Msg = Mgy =
Mio11 = My112 = 0.417, M23 = Mys = Mzg = Mgjo = 1, M35 = Mgy =

-0.01 53-i0.0292, My3 = Mgg = l.4739-i1.5239, and Mzs5 = Myz;1o =
2.6895-+j0.0614.

Specifically, the two-resonator FSI in Fig. 8 is comprised
of two NRRs that are coupled through an impedance inverter
(Mys) equal to 1. In addition, a comparison of the CRD-
synthesized response and the circuit-simulated response is
provided in Fig. 8(b). Similar to the NRR, the variance in the
two responses is due to the CRD only being applicable to a
single frequency. The block diagram and CRD-synthesized
response for the five-resonator FSI is presented in Fig. 9
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TABLE 2. Comparison of the NRR and FSls in Fig. 11

Topology [S21] [[S12]

NRR +1.1{-23

Two-Resonator FSI |+2.2(-46

Five-Resonator FSI [+2.2|-46

o -
Z
§ - --- Two-Resonator FSI
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g 30
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-40

50 \ } .

-3 -2 -1 0 1 2 3

Normalized frequency

FIGURE 11. Comparison of [S;;| and |S;,| for the NRR, the two-resonator
FSI, and the five-resonator FSI.

and is comprised of two NRRs and three passive microwave
resonators. The coupling values for the inverters in the five-
resonator FSI are as follows: My; = M = Mss = Mgy =
Mjor; = Mjj;2 = 0.417. Unlike in the NRR, the BW of
the FSIs can be controlled through the impedance inverters.
An example demonstrating this operating principle for the
two-resonator FSI is shown in Fig. 10. As it can be seen, as
the coupling value of the impedance inverter connecting the
two FSIs (Mys) is decreased, the BW of the FSI is decreased.
A comparison between the NRR, two-resonator FSI, and the
five-resonator FSI, is provided in Table 2 and Fig. 11. The
two-resonator FSI and the five-resonator FSI have comparable
gain and isolation levels due to having two NRRs present
in the filter topology, however the frequency selectivity of
the five-resonator FSI is higher. While a finite number of
examples have been demonstrated, a wide range of transfer
functions could be implemented by altering the number of
the NRRs and the passive resonators in the filter topology.
Furthermore, it is worth noting that while stability has only
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FIGURE 12. Layout of the proposed fifth order FSI.
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FIGURE 13. Conceptual block diagrams for the: (a) One-pole FSQC and (b)
the two-pole/two-TZ FSQC. (c) Circuit-simulated S-parameters for the
one-pole and the two-pole/two TZ FSQCs. The wilkinson power divider is
circled in green and the TZ generation cell is circled in red.

been presented for a single NRR, all of the presented FSIs are
unconditionally stable.

In order to practically realize the FSIs using the MMIC
platform, the design begins by using the NRR layout in Fig. 5.
Afterwards, the impedance inverters are materialized through
quarter wavelength long TLs at the design frequency. Since
the NRRs require biasing, blocking capacitors are incorpo-
rated to prevent leakage to the RF ports. Finally, the passive
resonators are realized through shorted quarter-wavelength
long stubs to provide low loss and small size. The layout for
the five-resonator FSI is provided in Fig. 12.

D. FREQUENCY SELECTIVE QUASI-CIRCULATORS

The NRR concept can also be expanded to the realization
of three-port networks, such as frequency selective quasi-
circulators (FSQCs) as shown in the conceptual diagrams
(Fig. 13(a), (b)) and circuit-simulated responses in Fig. 13(c).
The most basic form of the FSQC is shown in Fig. 13(a) and it
exhibits a one-pole type transfer function, as demonstrated in
Fig. 13(c). The FSQC consists of a Wilkinson power divider at
the input port and a NRR (which contributes to one pole per
path) at each output port (port 2 and 3) to enable the signal
to flow in a single direction and provide IS in the reverse
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FIGURE 14. Circuit diagram and circuit-simulated response of the TZ
generation cell.

[
=N
o
[
=N
o

Amplitude (dB)
R
o

&

o

Amplitude (dB)
]
o

&
S

-40

h
4 6 8 10 12 14 4 6 8 10 12 14
Frequency (GHz) Frequency (GHz)
(a) (b)

FIGURE 15. Design studies varying (a) Crz;, but keeping the TZ, resonant
frequency constant and (b) the resonant frequency of the first TZ (frz;).

direction. In order to increase the frequency selectivity and the
out-of-band isolation of the FSQC, a TZ generation cell can
be placed at the input port as shown in the conceptual diagram
in Fig. 13(b) and the circuit simulated response in Fig. 13(c).

The TZ generation cell is comprised of two series LC res-
onators that are cascaded in parallel for size compactness.
In this arrangement, they create two TZs at their respective
resonant frequency and a pole at the average of the two
resonant frequencies; an example of this is demonstrated in
Fig. 14. Various design aspects can be considered, including
the resonant frequency and the 3-dB rejection BW of the TZs;
these considerations are provided in Fig. 15. In particular, the
location of the pole can be altered by changing the 3dB rejec-
tion BW of the TZ (see Fig. 15(a)). Furthermore, the location
of the pole can be altered by changing the resonant frequency
of the TZs to either create a symmetric or an asymmetric
response (see Fig. 15(b)).

When comparing the one-pole type FSQC to the two-
pole/two-TZ type FSQC, the latter demonstrates higher se-
lectivity, while the IS, IL and size are comparable to the
one- pole design. The order, IS, and frequency selectivity of
the two-pole/two-TZ FSQC could be increased if additional
resonator types were added to the design. Examples of this
are provided in Fig. 16, where either a passive resonator
(Fig. 16(a)), or a TZ generation cell is added to the input port
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FIGURE 16. Circuit-simulated S-parameters and examples of higher order
FSQC circuits. (a) Three-pole/two-TZ FSQC using one passive resonator,
one TZ generation cell, and one NRR per path. (b) Three-pole/four TZ FSQC
using two TZ generation cells and one NRR per path. (c) Three-pole/two-TZ
FSQC using one TZ generation cell and two NRRs per path.

(see Fig. 16(b)), or additional NRRs are added to the output
ports (see Fig. 16(c)).

As it can be seen in Fig. 16(a), the passive resonator in-
creases the frequency selectivity of the FSQC, resulting in
a three-pole/two-TZ FSQC, however, the IS and out-of-band
response are the same as the two-pole/two-TZ FSQC. When
a TZ generation cell is added to the input (Fig. 16(b)), the
FQSC exhibits a three-pole/four-TZ response. In this instance,
the second TZ generation cell can either be designed sym-
metrically or asymmetrically. An asymmetrically designed TZ
generation cell is provided in Fig. 16(b). When compared
to the two-pole/two-TZ FSQC, the out-of-band isolation and
frequency selectivity are increased. In order to increase the
isolation and frequency selectivity, NRRs can be added to the
output ports as seen in the example in Fig. 16(c). In all of
these examples, additional inverters had to be placed between
the resonators, thus increasing the overall size of the FSQC.

In order to practically realize the FSQCs using the com-
mercially available GaAs process, the layout for the two-
pole/two-TZ FSQC in Fig. 17 is designed. The NRRs are
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FIGURE 17. Layout of the two-pole/two-TZ FSQC with the NRR circled in
black, the wilkinson power divider circled in red, and the TZ generation
cell circled in black.

made using the circuit and CRD described in Section II-A
and Section II-B, however they are biased at Vp = 2V, Vg
= 0.85V (Ppc = 284.6 mW since two NRRs are used). The
Wilkinson power divider is designed using quarter wavelength
long TLs at X-band and the TZ generation cell for the two-
pole/two-TZ FSQC is implemented using lumped elements
for size compactness. The quality factor (Q) for the lower and
upper TZ are 20.3 and 24.1, respectively.

IIl. EXPERIMENTAL VALIDATION

To evaluate the validity of the FSI/FSQC concepts, four proto-
types were designed, manufactured, and measured at X-band
using the WIN Semiconductor MMIC GaAs process, which
consists of three metal layers (Metal 1, Metal 2, and ground),
using circuit and full-wave electromagnetic (EM) analysis in
AWR, Cadence. They include: i) a non-reciprocal resonator,
ii) a two-resonator FSI, iii) a five-resonator FSI, and iv) a
two-pole/two-TZ FSQC.

A. NON-RECIPROCAL RESONATOR

The NRR was designed using as a basis the circuit in Fig. 1
and the layout in Fig. 5, as shown in in Fig. 18. It was de-
signed to enable gain (8-finger pHEMT transistor biased at
Vop = 2V, and Vg = 0.8V) in the forward direction and a
TZ in the reverse direction at the operating frequency. The
transistor-based path, including the lumped elements at the
gate and the drain are circled in blue, while the TL connect-
ing the gate and the drain is comprised of a distributed TL
that is capacitively-loaded. A blocking capacitor is added to
the TL to prevent biasing leakage and the bias lines include
high-inductance inductors for size compactness.

When biased at Vpp = 2V and Vg = 0.8V, the de-
vice is turned on and provides a non-reciprocal response.
A comparison between the EM-simulated and RF-measured
S-parameters is provided in Fig. 19(a). As it can be seen,
the measurements are in fair agreement. While the NRR was
designed to have 1.2 dB of gain and 25.5 dB of IS, the
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FIGURE 18. Photograph of the NRR based on the circuit schematic in
Fig. 1. The transistor-based path is circled in blue.
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FIGURE 19. A comparison between the EM-simulated and RF-measured
S-parameters for the NRR in Fig. 18. (a) Before process variation is
considered. (b) After process variation is considered.

measurements result in IL of 0.2 dB and IS of 14.8 dB. The
variation between the simulated and measured results are due
to the variances in the MMIC process. When altering the
lumped element values up to 5%, the measured results line
up well with the simulated response thus successfully vali-
dating the proposed concept; this is provided in Fig. 19(b).
The measured results are summarized as follows: fi., = 8.8
GHz, 36.2% FBW, |S;1| = -0.2 dB, maximum in-band IS =
14.9 dB, and minimum in-band IS = 8.9 dB. IS is defined by
[S21]-IS12] (i.e., directivity). Fig. 20 provides the NRR perfor-
mance in terms of Pigg and IIP3/OIP3; which are summarized
as follows: P1gg = 15.5 dBm, IIP3 = 18.4 dBm, and OIP3 =
18.1 dBm.
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FIGURE 20. Measured (a) P14s and (b) 1P and OIP; characterization for
the NRR in Fig. 18.

2.6 mm
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FIGURE 21. Photograph of the two-resonator FSI based on the FSl in
Fig. 8. The NRRs are circled in blue.

B. TWO-RESONATOR FSI
To validate the two-resonator FSI in Fig. 8, a prototype was
designed, manufactured and measured. It is comprised of two
NRRs that are coupled through a quarter-wavelength-long TL.
A photograph of the prototype is provided in Fig. 21 with the
NRR circled in blue. Unlike the NRR prototype in Fig. 18, the
two-resonator FSI has different biasing. The biasing combines
the two gates together and the two drains together through TLs
(added on a different metal layer), thus requiring a single bias
point for the gates and a single bias point for the drains. The
TLs are high impedance quarter-wavelength long at f,.
Considering the variances in the manufacturing process, a
comparison of the EM-simulated results and RF-measured S-
parameters for the two-resonator FSI prototype is provided in
Fig. 22. The RF-measured performance for the prototype is
summarized as follows: f.., = 8.9 GHz, 18.7% FBW, |S;;| =
+0.3 dB, maximum in-band IS = 31.7 dB, and minimum in-
band IS = 25.1 dB. Furthermore, as shown in Fig. 23 the two-
resonator FSI exhibits Pigg = 10.2 dBm, IIP; = 17.3 dBm,
and OIP3 = 17.2 dBm.

C. FIVE-RESONATOR FSI

To further increase the order and frequency selectivity of the
FSI, a five-resonator prototype was designed, manufactured,
and measured at X-band. As shown in Fig. 24, it is based
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FIGURE 22. Comparison of the EM-simulated and RF-measured
S-parameters for the two-resonator FSl in Fig. 21.
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FIGURE 23. Measured (a) Pi4p and (b) IIP; and OIP; characterization for
the two-resonator FSl in Fig. 21.
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FIGURE 24. Photograph of the five-resonator FSI based on the CRD in
Fig. 9.

on the circuit schematic in Fig. 9, with two NRRs (circled
in yellow) and three passive resonators (circled in cyan).
Quarter-wavelength-long TLs were used for the inverters and
the passive resonators were shorted 90° stubs. A comparison
of the simulated and measured results is provided in Fig. 25
showing good agreement, thus validating the proposed con-
cept. The FSI performance is summarized as follows: f., =
8.6 GHz, 15.6% FBW, |Sy;| = -1.9 dB, maximum in-band IS
= 30.6 dB, minimum in-band IS = 26.6 dB, P1qg = 18.0 dBm,
[IP3 = 20.4 dBm, and OIP3 = 17.2 dBm.

D. TWO POLE/TWO-TZ FSQC

The NRR concept was further expanded to the realization of
FSQCs as shown in the photo in Fig. 26(a). It is based on the
two-pole/two-TZ FSQC design in Fig. 13 and is comprised
of a Wilkinson power divider, two NRRs (circled in blue),
and a TZ generation cell (circled in black). Its performance
is provided in Fig. 26(b) and is summarized as follows: fcep
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FIGURE 25. A comparison the EM-simulated and RF-measured
S-parameters for the five-resonator FSI in Fig. 24.
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FIGURE 26. (a) Photograph of the two-pole/two-TZ FSQC based on the
schematic in Fig. 13(b). Black circle: TZ generation cell, Blue circle: NRR. (b)
EM-simulated and RF-measured S-parameters comparison for the
prototype in (a).

= 8.7 GHz, 22.0% FBW, [Sy;| = —4.3 dB, [S31| IS = 16.2
dB, [S32| IS = 15.9 dB, and [Sy3| IS = 36.9 dB. While not all
of the S-parameters are provided, the measured results line up
well with the simulated results, thus successfully validating
the concept. Its out-of-band performance can be improved by
increasing the filter order, i.e., by adding passive resonators or
NRRs. Its measured non-linear performance parameters are
provided in Fig. 27 and summarized as follows: Pigg >18
dBm, IIP3; = 25.2 dBm, and OIP; = 20.5 dBm. It is worth
noting that the Pigp is higher than 18 dBm, however our
equipment was unable to measure at a higher input power
level.
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FIGURE 27. Measured (a) P14s and (b) 1P and OIP; characterization for
the two-pole/two-TZ FSQC in Fig. 26.

E. COMPARISON WITH THE STATE-OF-ART

A comparison of the proposed MMIC FSIs with other state-
of-the-art (SOA) FSIs and IC-based isolators is provided in
Table 3. When compared to other GaAs MMIC FSIs [43], the
FSI concept has been validated for higher order transfer func-
tions (5 poles vs. 3 poles in [43]) while it exhibits comparable
IS. Overall, this work proves to be more modular and scalable
to higher order transfer functions, different levels of gain and
IS by incorporating different resonator types (i.e., passive res-
onators, NRRs, and TZ generation cells). When compared to
STM-based FSIs, the devised FSIs have been demonstrated
at a significantly higher frequencies (8.8 GHz versus <1.2
GHz in [32], [33], [34], [35], [36], [37]). Furthermore, they
have lower IL (<2 dB versus 3.7 dB in [32]), and higher
order transfer functions. While the transistor-based FSIs in
[42] provide higher gain and IS, they are significantly larger
in size and operate at a lower operating frequency. Moreover,
when compared to the other integrated isolator components in
[16], [17], [18], [19], they exhibit comparable IS and IL, how-
ever the proposed approach combines the functions of the RF
isolator and BPF into a single component, thus reducing the
overall size of the device. When compared to the transistor-
based isolator in [19], the proposed approach provides better
linearity (18.4 vs. 0.7 dBm). When directly compared to the
GaAs integrated FSIs or isolators, the proposed approach pro-
vides better performance with respect to IL and the number of
resonators and TZs incorporated into its design.

A comparison of the proposed MMIC FSQC with SOA
FSQCs and active circulators is provided Table 4. As it can
be seen, there are only two demonstrations of co-designed
FSQCs [31], [44]. The proposed topology results in a signif-
icantly smaller size (0.094)1 by 0.084A vs. 0.48X1 by 0.34X in
[44]) and higher operating frequency than the FSQCs in [31]
and [44]. The proposed FSQC results in better matching at the
RF ports than the active circulators reported in [23], [24], [25],
[28]. In relation to the quasi-circulator in [16], the devised
FSQC results in better IS levels (>16 dB). When looking at
the P14p, this approach provides the best performance (Pqp
>18 dBm vs. <—2.1 dBm in [25], [29], and [30]). In addition,
the proposed FSQC provides higher IIP3 (25.2 dBm vs 1.2 in
[29]). When compared to the circulators in [45], [46], [47],
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TABLE 3. Comparison of the Proposed FSls With State-of-Art Isolators and NBPFs

Jeen | FBW | |Sy] IS |..., . Ppc Pigs | 1IP3/O1IP; | .
Ref. Component & approach Process GHz) | %) | @B) | (@B) FilteringRes./TZs| (mW) (dBm) | (dBm) Size (A x L)
Transistor-based isolator, 0.054 x
[16] MMIC GaAs 9.4 N/A 9.3 |[27.7| No 0/0 68.75 N/A N/A 0.052
Transistor-based isolator, 0.053 x
[17] CMOS CMOS | 24 N/A | -1.8 [36.8| No 0/0 3.6 N/A N/A 0035
Transistor-based isolator, 0.004 x
[18] MMIC GaAs 14 N/A | 25 31 No 0/0 N/A N/A N/A 0.003
[19] |Transistor-based isolator, SiGe| SiGe 5.5 N/A -2 35 No 0/0 2.6 N/A | 0.7/N/A 0(.)00158x
[32] STM NBPF, hybrid PCB N/A 0.14 19.2 3.7 528 Yes 3/0 0 N/A N/A N/A
[33]| STM NBPF, hybrid PCB N/A 1 6.3 =55 | 6.2 | Yes 2/0 0 N/A N/A 060(?691X
[34] STM NBPF, hybrid PCB N/A 1.175 1.7 -4.5 28 Yes 3/0 0 N/A N/A N/A
[42] | Transistor-based NBPF, PCB | N/A 2.3 10.7 5.8 |59.7| Yes 7/4 N/A N/A N/A  10.434x1.03
Transistor-based NBPF, 0.072 x
[43] MMIC GaAs 9.0 8.1 2.8 |288]| Yes 3/4 N/A N/A N/A 0055
NRR, MMIC GaAs 8.8 362 | -0.2 | 149 | Yes 1/0 114.3 15.5 | 18.4/18.1 0(')03372)(
This Two-Resonator FSI, MMIC | GaAs 8.9 18.7 0.3 |31.7] Yes 2/0 228.6 10.2 | 17.3/17.2 0.050
work 0.077
Five-Resonator FSI, MMIC | GaAs 8.6 15.6 -1.9 |{30.6| Yes 5/0 228.6 8.0 20.4/17.2 06023;;(

TABLE 4. Comparison of the Proposed FSQC With State-of-Art FSQCs and Circulators

fon | FBW | [Sy] . Ppoc | Pus [IPy/OIPs Size
Ref. Component & approach Process (GHz)| (%) | (dB) IS (dB) [FilteringRes./TZs (mW) | (dBm) | (dBm) | (A x %)
Transistor-based quasi-circulator, 0.104 x
[20] CMOS CMOS | 24 | N/A | -5.7 20 No 0/0 7.2 9.5 N/A 0.044
Transistor-based quasi-circulator, 0.153 x
[21] MMIC GaAs |11.5] N/A | 45 35 No 0/0 N/A | N/A [N/A/34.6 0.153
Transistor-based quasi-circulator, 0.013 x
[23] CMOS CMOS | 5.55 | N/A -6 18 No 0/0 31,6 | N/A N/A 0.105
Transistor-based quasi-circulator, 0.057 x
[24] CMOS CMOS | 30 | N/A -5 12 No 0/0 15 N/A | -7/N/A 0.064
Transistor-based quasi-circulator, 0.007 x
[25] CMOS CMOS | 3.8 | N/A -9 27 No 0/0 128 | -2.14 | N/A 0.008
[29] Tr‘m“St"r'baze&gusasI'C“C‘ﬂa“’r’ CMOS | 2.1 | NA | 2 24 | No | 00 | 8 | -64 [1234]| NA
[30] Ampl‘ﬁer'ba?&qo“sa“"’”"“la“’r’ CMOS | 99 | N/A | 7 173 | No | 00 | 186 | -61 | NA | N/A
Ferrite-based frequency selective 9.7- |-2.7to-| I1.5to
[31] circulator N/A 3 177 | a5 331 Yes 2/4 0 N/A N/A | N/A
[44] Transistor-based FSQC, PCB N/A 24 | NA | -05 26.8 Yes 2/0 132 N/A N/A 064§ 4X
[45] [Transistor-based quasi-circulator, PCB| N/A | 3.22 | N/A 43 19.3 No 0/0 N/A 21.7 (17.7/N/Al 0(')455 15 4x
0.0024
[46] N-path capacitor CMOS |0.725| N/A | -3.1 11 No 0/0 N/A | N/A [25/N/A| x
0.0024
0.0075
[47]| Switched reflecting T-line gyrator | CMOS 1 N/A | -25 ~45 No 0/0 104 17.3 [36.5/N/Al  x
0.0136
[48] STM-based circulator, PCB N/A 1 N/A 2 23 No 0/0 N/A 28 31/N/A 060323);
VTVL‘;IS( Two-Pole/Two-TZs FSQC, MMIC | GaAs | 87 | 22 | -43 | 159 | Yes | 22 |284.6 | >18 [52/20.5 0(')03;2"

[48], the proposed approach operates at a higher frequency
(8.7 GHz vs <3.2 GHz) and incorporates filtering capabili-
ties. Whereas the configurations in [45], [46], [47], [48], may
demonstrate a somewhat frequency dependent response, their
selectivity is poor and doesn’t really makes them comparable
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to what is expected by a filter. None of these designs can be
scaled to high order BPF response which is a major contribu-
tion of this work. As such, when using the approaches in [45],
[46], [47], [48], the RF front-end would exhibit larger physical
size as it would require to cascade additional filters in each

VOLUME 3, NO. 1, JANUARY 2023



IEEE Journal of

Microwaves

o

[AAY

MTT-S

IGEE ICROWAE THEORY
TECHNOLOG SOCETY

branch of the RF circulator. The proposed FSQC has better
P14 than the design in [47] and better I1IP3 than the design
in [45], [46]. Furthermore, the FSQC presented in this work
results in better IS than the design in [46]. Lastly, this is the
first demonstration of a fully-integrated frequency selective
circulator with more than two poles.

IV. CONCLUSION

This manuscript presented the operating principles and practi-
cal implementation aspects of a new class of multi-functional
MMIC RF components that exhibit the combined function of
a BPF and an RF isolator/circulator. The proposed FSIs are
based on cascading in series NRRs with passive resonators to
increase the frequency selectivity of the RF component. The
operating principles of the FSI concept and its extension to
high order transfer functions were uniquely presented through
circuit-based and CRD-synthesized examples allowing for the
scalability of the proposed concept to high order and advanced
transfer functions. The proposed FSQC is based on the com-
bination of a Wilkinson power divider, a TZ generation cell,
and NRRs to create a two-pole/two-TZ non-reciprocal trans-
fer function. For proof-of-concept validation purposes, four
prototypes were designed and measured at X-band using the
WIN Semiconductor GaAs process. They include: i) a NRR
ii) a two-resonator FSI, iii) a five-resonator FSI, and iv) a
two-pole/two-TZ FSQC.
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