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Abstract—A Ku-band GaAs monolithic microwave 

integrated circuit (MMIC) RF component that co-integrates the 

function of a quasi-elliptic bandpass filter and an RF isolator 

(BPFI) is reported. It is based on cascaded unilateral frequency-

selective stages (UFSs) comprising a transistor-based path and 

multi-resonant feedback that introduces one pole and two 

transmission zeros (TZs). A coupled-resonator-based synthesis 

methodology is developed, extending conventional reciprocal 

filter synthesis to scalable UFS-based non-reciprocal filters. For 

experimental validation, a two-stage BPFI was manufactured 

using a 0.15-μm GaAs process. The prototype exhibits a quasi-

elliptic response with center frequency of 15.9 GHz, a 3-dB 

fractional bandwidth of 20%, 60 dB directivity, and wide upper 

stopband shaped by four TZs and with greater than 20 dB 

rejection between DC to 12.4 GHz and 20.1 to 48.3 GHz 

(measured up to 38 GHz; simulated thereafter). 

Keywords—Isolator, monolithic microwave integrated circuit 

(MMIC), non-reciprocal filter, quasi-elliptic filter, RF co-design. 

 

I. INTRODUCTION 

Unilateral components such as isolators and circulators 
play key roles in in-band full-duplex (IBFD) systems [1], 
where the demand for multi-functionality, low complexity, 
compactness, and high integration is ever increasing. To 
address these requirements, RF co-design methodologies have 
gained considerable attention, as they allow multiple RF 
processing functions to be consolidated into a single device, 
thereby reducing the footprint of the RF front-end. Among the 
various co-design strategies, the co-integration of RF filters 
with isolators or circulators is gaining significant attention, 
since it can simultaneously provide directional transmission, 
frequency selectivity, and interference suppression. To further 
strengthen the interference suppression capability of such co-
integrated systems, transmission zeros (TZs) are highly 
desirable in the out-of-band response [2]. 

For the co-integration of bandpass filters and RF isolators 
(BPFIs), several approaches have been reported based on 
ferrite materials, spatiotemporally modulated (STM) 
resonators, and transistor-based configurations. Ferrite-based 
methods [3], while effective, require magnetic biasing and are 
incompatible with semiconductor technologies due to their 
bulk size and process incompatibility. STM resonators offer 
better IC compatibility but suffer from high insertion loss of 
3.2–6.8 dB [4] and limited operating frequencies constrained 
by requirement of high modulation frequency. Transistor-
based solutions [5] provide moderate gain (0–10 dB), but 
consume substantial power (~100 mW) and are typically 

realized through circuit-level optimization rather than 
systematic synthesis methodologies. More recently, a novel 
class of unilateral frequency-selective stages (UFSs) has 
enabled the realisation of BPFI using conventional coupled-
resonator synthesis techniques. These unilateral filters have 
demonstrated competitive RF performance in terms of gain 
(4.2–5.8 dB) and isolation (44–71 dB) [6]. Nevertheless, they 
are constrained by high power consumption (114–228 mW) 
and rely on passive stages for TZ generation, which require 
additional inverters for interconnection, increasing circuit size 
and design complexity [7]. To eliminate the need for passive 
stages in TZ generation, [8] introduced two TZs directly 
within the UFS, achieving symmetric selectivity; however, the 
resulting BPFI exhibits relatively low directivity (13–20 dB).   

Building upon the concept in [8], this work presents an 
alternative BPFI design that employs two cascaded UFSs to 
realize a quasi-elliptic transfer function with higher directivity 
and selectivity than the prototype in [8]. Unlike [8], which 
utilizes one UFS and one passive resonator yielding two poles 
and two TZs, the proposed BPFI features a transfer function 
shaped by two poles and four TZs. By cascading UFSs with 
intentionally separated TZ positions, the proposed BPFI 
achieves higher directivity along with wider and stronger out-
of-band rejection compared to [8]. For proof-of-concept 
validation, a two-stage RF co-designed BPFI was synthesized 
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Fig. 1. (a) Circuit schematic [8] and (b) Layout of the MMIC UFS. Circuit-

simulated S-parameters of (c) the UFS and (d) the transistor-based (|S12_t|) 

and feedback (|S12_f|) RF signal paths [8]. In (a), Lt =0.52 nH, Ct =0.23 pF, 

R1 =37 Ω, R2 =109 Ω, R3 =239 Ω, Ra =1.7 Ω, Zf&f1&f2=57 Ω, Lf =15°@16 

GHz, Lf1 =39°@16 GHz, Lf2 =16°@16 GHz, Cf1 =0.45 pF, Cf2 =0.33 pF. 
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using a standardized coupled-resonator framework and 
experimentally validated at Ku-band.  

II. THEORETICAL FOUNDATIONS 

A. TZ-Generating UFS 

The circuit schematic and monolithic microwave 
integrated circuit (MMIC) implementation of the multi-
resonant feedback-based UFS, using a commercially available 
0.15-μm InGaAs process with a two-metal-layer stack, are 
shown in Fig. 1(a) and (b), respectively. The UFS [8] consists 
of two parallel RF signal branches: 1) a transistor-based 
branch in common-source configuration and reverse 
orientation, and 2) a capacitively-loaded multi-resonant 
feedback branch, which introduces one transmission pole and 
two TZs. As discussed in [8], when the two branches exhibit 
close amplitudes with a 180° phase difference and a zero 
phase sum at centre frequency (fcen), constructive interference 
in the forward direction and destructive cancellation in the 
reverse direction can be realized, as depicted in Fig. 1(c).  

To develop its transistor-based branch, a 2-finger E-mode 
pHEMT transistor (unit gate width of 25 μm, fT =113 GHz) is 
employed, biased at Vg =0.57 V and Vd =2.6 V. To ensure 
stability and impedance matching, R1-R3 are incorporated, also 
Lt and Ct are added to fine-tune the amplitude and phase of the 
transistor path. The component values are subsequently 
optimized so that the transistor path exhibits approximately 0 
dB amplitude and a 90° phase lead at fcen [light-blue traces, 
Fig. 1(d)], forming the basis for constructive and destructive 
interference in conjunction with the feedback path. The 
feedback path, on the other hand, should provide a reverse 
phase relative to the transistor branch at fcen to enable forward 
signal construction and reverse cancellation. To this end, a 
multi-resonant feedback network is employed, consisting of a 
multi-resonant cell (green block, Fig. 1(a)), two series 
transmission-line (TL) sections Lf and two series resistors Ra. 
The multi-resonant cell generates a transmission pole at 15.1 
GHz (below fcen) and two TZs located at 11.6 GHz (fTZ1) and 
21.3 GHz (fTZ2), controlled by Cf1 and Cf2, respectively. The Lf 
introduces an additional phase lag, facilitating the required 
~−90° phase shift in the feedback path [purple traces, Fig. 
1(d)], while resistors Ra help attenuate feedback for stability.  

The MMIC layout implementation of the UFS, shown in 
Fig. 1(b), includes the detailed transistor biasing network, 
which is omitted from the idealized circuit schematic in Fig. 
1(a). Inductors are connected in series within the biasing paths 
to properly bias the gate and the drain of the transistor, while 
resistors Rg and Rd are inserted in series to enhance transistor 
stability. Additionally, decoupling resistor–capacitor (RC) 
networks are connected in shunt within the biasing circuit to 
stabilize power supply voltages and reduce high-frequency 
noise. Cb is placed in series along the RF path to pass the RF 
signal while blocking DC bias leakage.  

The component values of the UFS are optimized for good 
impedance matching and a reverse isolation greater than 40 

dB at fcen, and are listed in the caption of Fig. 1. Its circuit-
simulated responses are shown in Fig. 1(c), where the forward 
transmission pole arises from the zero-phase loop formed 
between the feedback and transistor paths, while in the reverse 
direction, signal cancellation occurs due to the ~180° phase 
difference and amplitude balance between the two branches. 
Furthermore, at fTZ1 and fTZ2, both the transistor and feedback 
paths exhibit near-zero transmission from P1 to P2, thereby 
forming two TZs in the forward response of the UFS. In 
addition, the UFS can be flexibly designed with different 
bandwidths (BWs) by asynchronously adjusting Cf1 and Cf2 in 
the multi-resonant cell. For example, decreasing Cf1 while 
increasing Cf2, shifts fTZ1 upward and fTZ2 downward, resulting 
in a narrower passband, as illustrated in Fig. 2.  

B. Co-Designed Quasi-Elliptic BPFI 

Prior to the full filter synthesis, the coupling routing 
diagram (CRD) of a single UFS is designed as shown in Fig. 
3(a). The transistor branch of the UFS is modelled by three 
non-resonating nodes (1’, 2’, 4’) and one resonating node (3’), 
while the feedback path is represented by one non-resonating 
node (5’) and two resonating nodes (6’,7’) as discussed in [8]. 
The self-coupling coefficients m6’6’ and m7’7’ determine the 
locations of the two TZs in the UFS response. For a two-stage 
BPFI composed of cascaded UFSs, the two UFSs (UFSI and 
UFSII) are intentionally designed with different TZ locations 
to broaden the out-of-band rejection. Specifically, TZs of 
UFSI are located at 11.6 GHz (fTZ2) and 21.3 GHz (fTZ3), while 
those of UFSII are located at 10.6 GHz (fTZ1) and 22 GHz (fTZ4). 
The coupling values in CRDs of both UFSs are calculated and 
optimized following the procedure in [8], with the final values 
provided in the caption of Fig. 3.   

Based on the CRD of UFS, the two-stage BPFI prototype 
is analysed using coupled-resonator-based synthesis. Its CRD 
is illustrated at the top of Fig. 3(b), where the coupling values 
among the UFSs and the source/load nodes are also provided 
in the caption of Fig. 3. The corresponding synthesized S-
parameters of the BPFI are shown in Fig. 3(c).  The BPFI 
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Fig. 3. (a) CRD of the UFS [8]. Two-stage BPFI: (b) CRD and its circuit 

implementation, and (c) comparison between circuit-simulated and CRD-

synthesized responses. In the CRD of UFSI: mS1’ =1, m4’L =1, m1’2’ =1, m3’4’ 

=1.24, m2’3’ =3.1-j1.28, m3’2’ =0.27-j0.26, m1’5’ =0.56, m4’5’ =0.72, m5’6’ 

=1.62, m5’7’ =0.86, m6’6’ =5.84, m7’7’ =-4.9, R1’1’ =-0.12-j1.32, R2’2’ =1.08-

j0.64, R3’3’ =2-j0.64, R4’4’ =0.2-j2.28. In the CRD of UFSII: mS1’ =1, m4’L =1, 

m1’2’ =1.2, m3’4’ =1.78, m2’3’ =2.2-j2.58, m3’2’ =0.51-j0.04, m1’5’ =1, m4’5’ 

=0.86, m5’6’ =2.04, m5’7’ =1.02, m6’6’ =6.92, m7’7’ =-5.2, R1’1’ =0.6-j3.52, 

R2’2’ =0.7-j0.71, R3’3’ =1.48-j0.68, R4’4’ =-0.09-j1.83. In the CRD of BPFI: 

mS1 =1, m12 =1, m2L =1. In circuit implementation: C12 =0.2 pF, L12 =0.5 nH. 
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circuit is then implemented with a fcen of 16 GHz and a 3-dB 
fractional bandwidth (FBW) of 12%, as shown at the bottom 
of Fig. 3(b). The interstage coupling between the two UFSs is 
realized using a compact lumped-element high-pass π-
network, with LC values calculated by (1).  

𝐶12 =
𝑚12

2𝜋𝑓𝑐𝑒𝑛×50
 F, 𝐿12 =

50

2𝜋𝑓𝑐𝑒𝑛×𝑚12
 H             (1) 

where m12 is the coupling value between UFSs. The circuit-
simulated responses of the co-designed filter align closely 
with the CRD-synthesized results, as shown in Fig. 3(c), 
validating the applicability of coupled-resonator-based 
synthesis from reciprocal filters to UFS-based configurations.  

III. EXPERIMENTAL VALIDATION 

To validate the proposed concept, the two-stage BPFI 
prototype exhibiting a filtering response shaped by two poles 
and four TZs was manufactured using a 0.15 μm InGaAs 
process and characterized at Ku-band. On-wafer GSG-probed 
measurements were conducted using a PNA-X N5247B 
network analyser, with pads and probe effects de-embedded. 
A photograph of the manufactured chip is shown in Fig. 4(a). 
The measured RF responses, plotted over a wide frequency 
range in Fig. 4(b), closely agree with EM simulations. The 
BPFI exhibits a fcen of 15.9 GHz with a 3-dB FBW of 20%. 
Four TZs are observed at 9.3, 10.6, 22.8, and 26 GHz, which 
contribute to wide out-of-band rejection. Additional 
suppression near DC is achieved through the use of a high-
pass π-network between the two UFSs. With bias voltages of 
Vb =0.59 V and Vc =3.1 V for the first UFS, and Vb =0.64 V 
and Vc =3 V for the second UFS, the prototype achieves a gain 
of -2.7 dB, directivity of 60 dB, NF of 7.8 dB, and an input 
third-order intercept point (IIP3) of 8.7 dBm at fcen. In 
addition, a wide stopband with greater than 20 dB rejection is 
maintained from  DC to 12.3 GHz and from 20.1 to 48.3 GHz, 
based on simulated results that agree well with measurements 
up to 38 GHz (limited by probe bandwidth). Table I compares 
the proposed BPFI with state-of-the-art active MMIC 
unilateral components. Compared with the reference design in 
[8], the proposed architecture achieves higher directivity (60 
dB vs. 20 dB) and more TZs (4 vs. 2) while using the same 
number of stages. Compared with other state-of-the-art, the 
proposed architecture exhibits wide upper stopband, the 
highest directivity and the largest number of TZs, while 

maintaining the lowest power consumption among designs 
implemented in the same technology.  

IV. CONCLUSION 

This paper demonstrated a Ku-band GaAs MMIC quasi-
elliptic BPFI design employing two cascaded UFSs to realize 
a transfer function with high directivity, high selectivity, wide 
and strong out-of-band rejection. Using a coupled-resonator-
based synthesis, a two-stage BPFI prototype was designed and 
manufactured in a 0.15 μm GaAs process. It achieved 15.9 
GHz fcen, 20% 3-dB FBW, 60 dB directivity, and a wide 
stopband with greater than 20 dB rejection is maintained from  
DC to 12.4 GHz and from 20.1 to 50 GHz shaped by four TZs.  
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Fig. 4. Experimental validation of the BPFI. (a) Photograph. (b) Comparison 

of RF-measured and EM-simulated response. 
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TABLE I.  COMPARISON WITH STATE-OF-THE-ART ACTIVE MMIC 

UNILATERAL COMPONENTS 

Ref. [7] [8] [9] [10] T.W. 

Tech. GaAs GaAs GaAs BiCMOS GaAs 

Freq. (GHz) 8.6 17.3~19.5 13 5.5 15.9 

D (dB) 30.6 13~20 30 30 60 

|S21| (dB) −1.9 −3.9~−1.9 −1.7 −2 −2.7 

N/TZs 5/0 2/2 4/2 N.A. 2/4 

Ratio* N.A. N.A. N.A. N.A. 3$ 

NF (dB) N.A. 5.9~7 9.2 13 7.8 

IIP3 (dBm) 20.4 −4.2~10 0.2 0.7 8.7 

PDC (mW) 228.6 34 44 5.4 27 

Size (λ×λ) 0.034×0

.233 

0.088×0.1

1 

0.099×0.

097 

0.011×0.

008 

0.084×

0.12 

Filt. Yes Yes Yes No Yes 

D: directivity; N: number of transmission poles; Filt.: filtering capabilities.; *Ratio is defined as the 

ratio of the upper stopband frequency to the center frequency; $: simulated.  




