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This work presents a rigorous design and experimental validation of a non-reciprocal bandpass filter (NBPF)
employing time-modulated resonators with progressive phase shift sinusoidal modulation signal to achieve low
forward transmission insertion loss (IL) and ultrawide high reverse isolation bandwidth. Analytical design
equations have been derived for numerical design of NBPF asl well as providing insights of nonreciprocal fre-
quency response. Additionally, these proposed analytical spectral S-parameters offer the flexibility to design
NBPFs with arbitrary termination port impedances. This work also demonstrates a systematic approach to find
modulation parameters without relying on optimization methods. It has established empirical relationships
between the modulation parameters and the filters specifications to achieve low forward transmission IL and
reverse isolation exceeding 15 dB at entire frequency range. The accuracy of the proposed NBPF design has been
confirmed by comparing with harmonic balance simulation results of microstrip line NBPF. For experimental
validation, three prototypes of NBPF with different termination port impedances are designed, implemented, and
manufactured. In experimental results, the frequency of NBPFs can be continously tuned from 1.62 GHz to 1.94
GHz (17.98 %) with maximum forward transmission IL (|Sz;1|) of 5.40 dB and input/output return loss higher
than 12 dB. For each frequency tuning state, the reverse isolation (|S12|) exceeds higher than 20 dB across the
entire frequency range.

materials. Nevertheless, these ferrites based non-reciprocal components
suffer from being relatively large circuit size, costly, and lack of

1. Introduction

Multi-functional non-reciprocal components are highly desirable for
multi-functional RF front-end chains that can accommodate the
emerging wireless applications. Integrating functions of bandpass filter,
impedance matching, and isolator into single circuit is one emerging
approach to facilitate the development of multi-functional miniaturized
RF front-end chains. Non-reciprocal components (such as circulator and
isolator) are fundamental elements of communication systems, radar,
and instrumentation systems due to their ability to cancel self-
interference between transmitting and receiving signals in full duplex
(FD) systems and to protect their RF front-ends from unwanted re-
flections [1-5]. In the past, non-reciprocal components such as circu-
lators and isolators have been designed by using ferrite magnetic
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compatibility with integrated circuits [6-8]. To avoid the use of ferrite
magnetic material, combination of linear and non-linear circuits have
been employed to design non-reciprocal components, however, these
approaches suffer from drawbacks such as poor noise figure, limited
power handling, and small dynamic range [7-9]. Recent research efforts
have focused on development of magnetless non-reciprocal circuits
through three main techniques: a) exploiting inherent unilateral prop-
erties of transistors [10-14], b) breaking reciprocity through staggered
commutation of N-path filters [15-17], and c) utilizing spatiotemporal
modulation (STM) [18-20].

STM has been demonstrated as an alternative effective approach to
achieve non-reciprocity without using any magnetic materials and has
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Fig. 1. Coupling diagram of the proposed non-reciprocal bandpass filter.

been widely employed in optical devices. In recent year, STM has been
employed to design magnetless circulator [21,22], non-reciprocal
bandpass filters (NBPFs) [23,24], and non-reciprocal filtering power
divider [25,26]. Magnetless NBPF that allow transmission of signal in
only direction (|S21| # |S12|) have been demonstrated either in the
lumped-element or microstrip-type configurations by modulating reso-
nators with progressive phase shift sinusoidal signal. In [23,24,27,28],
NBPFs have been presented using a lumped element time-modulated
resonator. In [29], NBPF is demonstrated using time-varying coupling
matrix. In [30,31,32,33], microstrip line NBPFs have been implemented
using half-wavelength and quarter wavelengths time modulated reso-
nators. To achieve selective frequency characteristics, single-ended and
differential NBPFs with a quasi-elliptic transfer function are imple-
mented in subsequent works [34-36]. In most recently, coupling mixed
static and time-modulated resonators has shown to be an effective
approach for enhancing reverse isolation bandwidth of NBPF without
increasing number of time-modulated resonators [37]. Despite signifi-
cant research efforts, previously reported NBPFs may run into following
limitations:

1) Narrow reserve isolation (|S12|) bandwidth: The previously afore-
mentioned NBPFs are able to achieve high reverse isolation solely at
the center frequency(fp). In [23,24,29,35], NBPFs are demonstrated
where reverse isolation exhibits a single null characteristic, reaching
value up to 40 dB only at center frequency. Similarly, NBPFs with
two nulls reverse isolation characteristics have been achieved in

[27,28,31,32,33]. However, the reverse isolation at center frequency
is limited to 20 dB and the reverse isolation bandwidth of 20 dB is
very narrow, confined to a range of 23 to 50 MHz.

The previously reported NBPFs in [23,31-34,36] have predomi-
nantly depended on parametric studies conducted through harmonic
balance (HB) simulations for obtaining optimum modulation pa-
rameters that achieve the non-reciprocity. However, HB simulations
can be time consuming due to convergence requirement of the HB
algorithm.

2)

Aiming to overcome these limitations of previously reported works,
this paper presents a rigorous design to achieve NBPF response with
ultra-wide reverse isolation. For achieving non-reciprocal response,
analytical spectral S-parameters have been derived and the empirical
relationships between modulation parameters and filter specifications
have been established. These relationships enable optimization free
modulation parameters for achieving NBPF response with minimal for-
ward transmission IL and high isolation in reverse direction of trans-
mission at all frequencies. The accuracy of the proposed design has been
confirmed by comparing results with HB simulation results.

2. Design theory
2.1. Design method of the proposed non-reciprocal bandpass filter

Fig. 1 depicts the coupling diagram of the proposed non-magnetic
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Fig. 2. Numerically calculated frequency responses of NBPF with BW = 100 MHz, Ny, = 7 (i.e. k = -3,-2,-1,0, +1, +2, +3), and different LPF element values: (a)
Chebyshev LPF element values with passband ripple of 0.0138 dB (in-band RL >25 dB at static state): go = 1, g1 = 0.7533, g» = 1.2252, g3 = 1.3712, g4 = 0.6731, g5
= 1.1192, and (b) Chebyshev LPF element values with passband ripple of 0.0043 dB (in-band RL >30 dB at static state): go = 1, g1 = 0.6209, g» = 1.1279, g3 =

1.2016, g4 = 0.5829, g5 = 1.0653.
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NBPF specifications and calculated frequency responses according to modulation parameters.

Ripple (¢,) for LPF Modulation parameters IL = |Sx] RLpin = |S11] Reverse isolation (IX) = |S1»| within IX bandwidth (MHz)
rototype dB dB assband (dB
P P fn m YA (@B) (@B) P (@B) BW204s- BWisds-
(MHz) X X
Case 1 0.0138 dB (RLs = 25 dB) 85.7 0.0893 27° <1 >12.85 >20 200 oo (AFR)
Case 2 BW = 100 MHz 87.7 0.0817 33° <0.83 >14.80 >16.8 200 oo (AFR)
Case 3 0.0043 dB (RLs = 30 dB) 96.8 0.1019 27° <1 >13.1 >20 230 oo (AFR)
Case 4 BW = 100 MHz 99.1 0.0927 27° <0.70 >15.2 >16.5 240 oo (AFR)

BWyogp.1x: bandwidth of reverse isolation (IX) when |S15|< —15 dB, BW;s4p1x: bandwidth of reverse isolation (IX) when |S;2|< —15 dB. AFR: entire RF frequency

range.
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Fig. 3. Modulation parameters (f,,, and m) of proposed NBPF according to bandwidth (BW) and in-band return loss (RLs) at static state (without modulation). These
modulation parameters can achieve NBPF frequency response with forward transmission insertion loss (IL) < 1 dB and reverse isolation (IX) >15 for all frequency.
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Fig. 4. Numerically calculated frequency response of proposed NBPF with different bandwidths. Other specifications: z, = z;, = 1 Q, fo = 1.80 GHz and low pass filter
element values: go = 1, g1 = 0.7533, g, = 1.2252, g3 = 1.3712, g4 = 0.6731, g5 = 1.1192.

non-reciprocal BPF where Ry, Ry, R3, and R4 represent time-modulated
resonators and S and L denote source (RF port 1) and load (RF port 2),
respectively. The source and load ports are terminated with arbitrary
impedances zs and z;, which are normalized to 50 Q. Notably, source and
load ports termination impedances comprise of normalized real part and
frequency dependent complex part (wLsiorl/wCs;) where o is an
operating frequency in radian.

Ty + joL,
ry —j/@Cs

rp +jwLy

ry —j/CUCL (1)

Zs =Tyt jx = { i =1 Ejx = {

In (1), r5;, represent the real part of port 1 and 2 termination im-
pedances. Similarly, Ls;; and C,; are normalized inductance and
capacitance of port 1 and port 2 termination impedances. To achieve
non-reciprocal BPF response, four resonators are modulated with time-

varying capacitors C; (t), as given below:

C(t) = Co[1 + meos{w,t + (i — 1)Ap }],i=1,2,3,4 2)

where f;;, = 27w,, Ap and m are the modulation frequency, pro-
gressive phase shift of modulating waveform, and the modulation index,
respectively [27]. Similarly, Cy presents the nominal capacitance when
modulation signal is not applied. Modulating resonators with progres-
sive phase shift sinusoidal signal leads to generation of intermodulation
(IM) products and as a result, RF input power is distributed among the
IM products [23,28]. The non-reciprocity originated from the phase
difference and magnitude of RF power distributed IM products in for-
ward direction and reverse direction. In forward direction, RF power
distributed among IM products is collected in a constructive manner at
output port to achieve minimal transmission insertion loss (IL).
Conversely, in reverse direction, it is collected in a destructive manner at
outport port to achieve high reverse isolation.
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When RF signal frequency is applied to time-modulated resonators,
various intermodulation products (w + kwp) are generated [27,29].
Considering number of harmonics Ny, (i.e. k = ---,-2,-1,0,+1,42, ---),
frequency-domain the spectral admittance matrix of the time-modulated
resonators can be derived as (3) . While analyzing the interaction be-
tween different time-modulated resonators, couplings between resona-
tors of the same harmonic order are only considered and these coupling
coefficients retain the same values as in the absence of modulation [29].
As a result, the coupling element can be extracted using either Cheby-
shev or Butterworth filter prototype elements [38]. By employing
spectral admittance, the spectral S-parameter of the proposed non-

reciprocal BPF can be obtained as depicted in (4), where coupling ma-
trix values are given as (5).

M, =M, = U/\/8081 = U/\/8485 (5a)
M =My =U/\g18 = U/\/g38a (5b)
My; = U/ /8283 (5¢)

where g; is low-pass filter prototype element value [36] and U is
unitary matrix of size Npgr X Npgr. Ports 1 and 2 impedances are
expanded at harmonic frequency @ + kjwn,, so that the spectral S-pa-
rameters of the proposed non-reciprocal BPF is Npq x Npqr matrix. The S-
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Fig. 5. Numerically calculated frequency response of the proposed NBPF with termination impedances. Other specifications: fo = 1.80 GHz, BW = 100 MHz, and low
pass filter element values: go =1, g1 = 0.7533, g = 1.2252, g3 = 1.3712, g4 = 0.6731, g5 = 1.1192. Modulation frequency: f;,, = 85.70 MHz, m = 0.090 and A\ g = 27°.
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Fig. 7. Microstrip line implementation of the proposed NBPF: (a) time-modulated transmission line resonator and (b) overall circuit of transmission line NBPF.

parameter S(zkll’k” signifies the power transfer from the frequency

component o + kjoy at port 1 to frequency component o + kowy, at port
2. For instance, S(;}O) = Sy symbolizes the power transfer from port 1 at
fundament frequency to port 2 at fundamental frequency, involving
multiple transmission paths.

To match arbitrary termination complex impedances of port 1 and 2,
the resonant frequencies of the first and last time-modulated resonator
should be detuned from original resonant frequency wg according to (6).

w,Ls 1 A 2
+ +
2r,8081

[ 1+ ( A )2 A
0 2r;8081@oCs 1 2r;8081@0Cs 1

where /A = BW/f, and BW is bandwidth of filer at static state
(without modulation). In addition, the couplings value between source/
load and first/last resonators should be modified as M,, = My, //r; and
M,, = My,/\/r; depending on real part impedance of port 1 and 2,
respectively. If the imaginary parts of zs and z;, are zero, the resonant
frequencies of all resonators remain same as original resonant frequency
Q.

Based on (4), NBPF with fy = 1.80 GHz and BW = 100 MHz is
numerically simulated using different coupling matrices. The coupling
matrices are extracted using Chebyshev LPF with in-band return loss

w,Ls 1 A
2r,8081

[

@Wo1.4 =

©

(RL) of better than 25 dB and 30 dB in static state, respectively. The
numerically calculated frequency responses of NBPFs are shown in
Fig. 2. The NBPF frequency responses corresponding modulation pa-
rameters (f;;,, m, Ag) are summarized in Table 1. As observed from these
results, non-reciprocal response (|Sz21| # |S12|) is achieved when reso-
nators are modulated with progressive phase shift modulation signal.
The numerically calculated results shows that the proposed NBPF ex-
hibits the forward transmission IL (IL= |Sp;|) < 1.20 dB, input/output
port return loss (|S11| = |S22|) >14 dB within passband, and reverse
isolation (IX = |S12|) >15 dB for entire RF frequency range. Since the
network is lossless, the IL in forward direction is due to power that is
converted to IM products and is not entirely converted back to the
fundamental frequency. Notably, the 15 dB reverse IX bandwidth
(BWj54p-1x) of the proposed NBPF is infinite. In addition, the modulation
frequency f;; increases as the passband ripple of LPF decreases. Simi-
larly, high reverse IX within wide bandwidth is achieved when pro-
gressive phase shift is low such as Ap = 27°. The reverse IX is higher
than 20 dB within entire passband (20-dB IX bandwidth >200 MHz)
when f;,, = 85.7 MHz, m = 0.0893, Ap = 27° in case of LPF with ripple of
0.0138 dB (i.e., in-band RL >25 dB at static state) and f;;; = 96.8 MHz, m
=0.1019, Agp = 27° in case of LPF with ripple of 0.0043 dB (i.e., in-band
RL >30 dB at static state).

Based on these numerical simulation results, the interesting empir-
ical relationships between modulation parameters and filter specifica-
tions can be derived as (7) and (8).
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Ju = (0.3235¢,%14% 1 0.2503) x BW (7)

m= 1810088 x . /f, (7b)

Ap =27° (79
where

g, = — 10log,y(1 — 107 RL@/10) (®)

and RLg and BW are in-band return loss and bandwidth of filter at static
state (without modulation), respectively.

As shown in (7) and (8), the modulation frequency f;,, depends on BW
and passband ripple () of static filter (without modulation) whereas
modulation index m depends on passband ripple &, fo, and f;. Notably,
equations (7) and (8) provide modulation parameters that enable the
design of a NBPF with low forward IL < 1 dB, very high level of reverse
IX over wide bandwidth (IX >15 dB for all frequency), and excellent
impedance matching (RLyj, >14 dB) within passband. Furthermore,
these empirical relations offer a straightforward selection of modulation
parameters without need of optimization that can be directly used in
experimental verification of fabricated protype of NBPF.

Based on (7) and (8), Fig. 3 depicts the calculated modulation pa-
rameters according to filter specifications of static filter such as pass-
band ripple (RLgtatic), bandwidth (BW), and center frequency (fy). The
BW and modulation frequency f;, are normalized to f; so that NBPF can
be designed at any arbitrary center frequency fy. As observed from
Fig. 3, the modulation frequency (f;,) and modulation index (m) increase
as BW and passband return loss (RLg) of static filter increase.

To demonstrate the flexibity of design equations discussed previ-
ously, numerical simulations have been carried out and results are
shown in Figs. 4 — 6. In these numerical results, modulation parameters
are calculated using (7) and (8). Fig. 4 illustrates numerical simulation
results with different BWs. As observed from Figures, the modulation
frequency f,, and modulation index (m) increase as the BW increases.

Fig. 5 demonstrates the numerical results of the proposed NBPFs with
different termination impedances. The numerical S-parameters results
confirm that the NBPF response remains identical for any arbitrary input
and output termination impedances of filter. These results demonstrated
that the proposed analytical design equations are suitable for any arbi-
trarily terminated NBPF that exhibits low forward transmission IL, good
matching, and high reverse IX with multiple nulls (IX >20 dB within
passband and IX >15 dB for entire frequency range).

Fig. 6 depicts the numerically calculated frequency response, illus-
trating the frequency tunability features. The frequency tunable
response of the proposed NBPF can be achieved by adjusting resonant
frequencies of time-modulated resonators. As shown in Fig. 6, NBPF
center frequency is adjusted continously from 1.60 GHz to 2 GHz while
maintaining forward transmission IL <1 dB, input/output return losses
>14 dB, and reverse isolation >15 dB for infinite frequency range in all
tuning state.

2.2. Microstrip line implementation of the proposed non-reciprocal
bandpass filter

Fig. 7(a) shows microstrip line implementation of quarter wave-
length time-modulated resonator. Time-varying capacitors are imple-
mented by reverse bias voltage varactor diodes. The time modulated
resonator consists of transmission line (TL) sections with characteristics
impedances of Z,, Z1, Z and electrical lengths of 6, 61, 62, 6, and var-
actor diode with capacitance of C, at specific reverse bias voltage. A
modulation voltage Vp, is provided to each varactor with a constant
phase shift /A\g. The modulation signal is applied to varactor diode
through TL with characteristics impedance of Z, and electrical length of
6. Using Fig. 7(a), input admittance of time-modulated resonator can be
found as (9).

. Az +jY2tan0(
Yy = jY, 2T e 9
Jra Yz - Aztan6’c ( )

Fig. 9. (a) Physical dimensions and (b) photograph of fabricated Filter A: 50-to-50 Q. Filter A dimensions: Wy = Wi, = 0.9, Ly = L, = 12.2, W, = W, = 1.05, L, =
10.76, g. = 8o = 0.13, W; = 1.36, L1 = 16, L, = 11.94, Wy, = 1.40, L = 1.52, W; = 1.71, g1 = 1.14, W}, = 0.6, L, = 24. Filter B dimensions: Wg = 1.85, Ly = 14.2,
W, =1.05,L. = 10.76, g. = 0.14, W; = 1.36, L1 = 16, L, = 11.94, Wy = 1.40, L = 1.52, W; = 1.71, g1 = 1.14, W = 1.05, gco = 0.13, Wy, = 0.6, L, = 24, W, = 0.9,
Ly, = 12.20. Filter C dimensions: Wy = 1.9, Ly = 14.2, W, = 1.05, L. = 10.76, g. = 0.14, W; = 1.36, L; = 16, Ly = 11.94, Wy = 1.40, Ly = 1.52, Wy = 1.71, g1 = 1.14,
Weo = 1.05, g2 = 0.13, Wy, = 0.6, L, = 24, W, = 0.7, L, = 13.40. Physical dimensions unit: millimeter (mm). Varactor diode: SMV 1233-079LF.
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Fig. 10. Simulated and measured frequency response of NBPFs: (a) Filter A: 50-to-50 Q NBPF, (b) Filter B: (27 + j12)-to-50 Q, (c) Filter C: (25 + j12)-to-(55-j5) Q
NBPF, (d) photograph of fabricated Filter B, and (e) photograph of fabricated Filter C. Dashed lines: simulation results and solid lines: measurement results.

Table 2
Summary of measurement results of the proposed non-reciprocal bandpass filters.

Filter A: 50-to-50 Q

Filter B: (27 + j12)-to-50 Q Filter C: (25 + j12)-to-(55-j5) Q

T1 T2 T3 T1 T2 T3 T1 T2 T3
Modulation parameters  f;, (MHz) 75 82 88 75 82 88 75 82 88
Vi (V) 1.25 1.28 1.43 1.30 1.28 1.43 1.29 1.35 1.42
Ag (Deg) 33° 34° 36° 33° 34° 36° 33° 34° 36°
Measured results Vge (V) 0 3.8 5.20 0 3.8 5.20 0 3.8 5.20
fo (GHz) 1.62 1.74 1.94 1.62 1.76 1.94 1.62 1.76 1.92
RLpin (dB) >12 >13.4 >14.52 >11.20 >12.60 >11.50 >13.31 >16.08 >14.52
IL (dB) <540 <472 <430 <5.46 <4.35 <4.32 <5.58 <4.83 <4.47
X @ fo (dB) 22.89 24.24 22.90 20.44 33.87 22.07 20.30 30.50 31.25
IX @ all frequeency (dB) >20.5 >20 >18 >20.10 >20.10 >16.40 >19.10 >20.6 >17.50
BW3qz (MHz) 106 112 124 109 114 124 110 116 126
BWi6qp.1x (MHz) ) oo oo ) ) ) ) ) )
Frequency tunability range (FTR) ~ 1620-1940 (320 MHz): 17.98 % or ~ 1620-1940 (320 MHz): 17.98 % or 1620-1920 (300 MHz): 16.94 % or
1:1.197 1:1.197 1:1.185

IL: Maximum insertion loss within passband band, RL,;,: Minimum input/output return loss within passband.
IX@fo: Reverse isolation at cetner frequency (f), BWsgp: 3-dB bandwidth of forward transmisison, BWeg4p.1x: 16-dB reverse isolation bandwidth.

where
A + Y tand, Y wC,cotb,
Ay =Y, = — Y,cot0, 10
2 'Y, — Aytand,”' ~ Yicot, — wC, be0t (10a)
1 1 1
Y, =— YV =—.Y, = — 10b
==l =2 (10b)

Resonant frequency of the resonator can be obtained by setting
im(Y;,) = 0. The desired resonant frequency is obtained by controlling
71, Z3, Zy, 0., 01, 02, Oy and varactor diode capacitance C,.

Fig. 7(b) shows overall microstrip line implementation of the pro-
posed NBPF, which consists of four quarter-wavelength TL time-
modulated resonators. Time varying capacitors are implemented by
modulating reverse bias voltage varactor diode (C,). The coupling Ms;
between port 1 and first resonator R; is implemented through series TL
(Zs1, 051) and coupled line (Zge/Zgo, 0c)- The coupling M; 2 as well as M3y
between resonators R; and Ry and resonators R3 and R4 are implemented
using short-circuited stub (Zk, 0x). Likewise, the coupling M3 between
resonators Ry and Rs is implemented with coupled line (Ze1/Zoo1, 6c)-

The sinusoidal modulation signals are applied through TL with charac-
teristics impedance Zp, and electrical length 6,. By adjusting these pa-
rameters, it is possible to achieve a high degree of isolation between the
RF port and modulation signal source. Finally, coupling M4 between
last resonator R4 and port 2 is implemented with coupled line (Zge/Zoo,
6.) and series TL (Zy1, 611). Based on discussion, the design procedure of
microstrip line NBPF can be summarized as follows:

(a) Begin by selecting filter specifications including source/load
termination impedances (Zs/Z1), center frequency (fp), passband
return loss (RLs), and bandwidth (BW) at static state. Then,
extract coupling matrix using (5) and modulation parameters (f;,,
m, /\¢) using (7).

Calculate desired coupling coefficients and external source/load
quality factors (Q-factors) using kg‘{il =BW/foxM;j1,i=1,2,3
and QS‘?L :fo/(BWXMﬂAL).

For microstrip line implementation of NBPF, select appropriate
circuit parameters of time-modulated resonator using (9) to

1)

-

(©
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Fig. 11. Simulated and measured frequency tunability responses of NBPFs: (a) Filter A: 50-to-50 Q NBPF, (b) Filter B: (27 + j12)-to-50 Q, and (c) Filter C: (25 + j12)-

to-(55-j5) Q NBPF. Dashed line: simulation and solid lines: measurement.

achieve desired passband frequency. Likewise, extract coupling
coefficients using kij1 = <f,% 7f12> / (f,% +f12>,i =1,2,3 where fj
and fj are higher and lower frequency peaks appeared in |Sp1| of
two coupled resonators, respectively [38]. The desired coupling
coefficient between resonator R; and Ry as well as between res-
onators R3 and R4 can be extracted by controlling Z; and 6.
Similarly, the desired coupling coefficient between resonators Ry
and Rj can be obtained by controlling Zy.; and Zyo;.

The external Q-factor can be determined using Qg

(d)
wo7s11(wo)/4, where 7511 (wg) is group delay of Si; at resonant
angular frequency o [38]. The coupling between input/output
port and resonator R;/R4 is achieved through series TL (Z, 651)
and coupled line (Zp./Zy,, 0;). The desired external Q-factors can
be extracted by controlling Zg, 651 Zoe/Zoo, and 0.

Optimize physical dimensions of microstrip line NBPF using co-
simulation between ANYSYS HFSS and Keysight Advanced
Design System (ADS) harmonic balance (HB) simulator to achieve
desired non-reciprocal filter response.

—

(e

To demonstrate accuracy of the proposed design, the numerically
calculated S-parameters results of NBPF are compared with microstrip
line NBPF and results are shown in Fig. 8. The frequency response of
microstrip line NBPF are obtained using Keysight ADS with HB module.
For HB simulation, we employed the SPICE equivalent circuit model of
varactor SMV 1233-079LF, as provided by manufacturer [39]. The cir-
cuit parameters and modulation parameters of microstrip line NBPF are
depicted in Fig. 8. For numerical calculation, the center frequency and
bandwidth are specified as fo = 1.8 GHz and BW = 68 MHz. The coupling

matrix is extracted using LPF prototype with passband ripple of 0.0138
dB (i.e. RLs = 25 dB at static state). For the given filter specifications, the
modulation parameters are calculated using (7) and (8) and given as f;,;
= 57.90 MHz, m = 0.0598, /\¢ = 27°. As shown in Fig. 8, the numer-
ically calculated S-parameters are well agreed with S-parameters of the
microstrip line NBPF obtained through HB simulation. The proposed
microstrip line NBPF exhibits good input/output matching with three
pole RL >14 within passband. The forward transmission IL is less than 1
dB and IX is higher than 20 dB within passband and IX is higher than
15.5 dB for all frequency range. These results confirmed that the pro-
posed numerical design of NBPF enables a straightforward selection of
modulation parameters without need of optimization that can directly
be used prototyping and verification of microstrip line NBPF with low
forward IL and high IX over wide bandwidth (IX >15 dB for entire fre-
quency range).

3. Experimental results

For proof of concept, three prototypes of microstrip line NBPFs with
different termination impedances (Filter A: 50-to-50 Q, Filter B: (27 +
j12)-to-50 Q and Filter C: (25 + j12)-to-(55-j5) Q) are designed and
manufactured on RT/duroid 5880 substrate with a dielectric constant of
2.2 and thickness of 0.78 mm. The NBPFs are designed to have BW of
100 MHz, passband return loss of 25 dB at static state and center fre-
quency tunable range between 1.60 GHz and 2 GHz. Fig. 9(a) shows the
physical layout with dimensions. The modulation parameters are
selected by using (7) and (8). The optimization of the physical di-
mensions of the proposed NBPFs are carried out using ANSYS HFSS and
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Table 3
Performance comparison proposed non-reciprocal bandpass filters with previously published works.
Technology Zs/Z;, () Frequency tunability range: FTR ILyax (dB) RLin IX @fo (dB) BWj.gp BWix BWi16.dp-1x
(GHz) (dB) (MHz) (MHz) (MHz)

[23] Lumped 50-to-50 0.136-0.163 (18.06 %) 3.70-4.10 >14 9-52.8 27.5 4 6

[24] Lumped 50-to-50 0.270-0.310 (13.79 %) 1.7-4.30 >10 15.4-30.9 25 3 6

[27] Lumped 50-to-50 0.190 1.50 >15 20 33 15 23

[28] Lumped 50-to-50 0.150 1.5 >17 15 120 10 14

[29] Microstrip 50-to-50 0.96 4.50 >10 18.3 57 NA 25

[30] Microstrip 50-to-50 1.02 2.70 >12 11.7 65 NA NA

[31] Microstrip 50-to-50 0.885-1.031 (15.24 %) 2.2-2.80 >16.1 23.2 96 42 52

[32] Microstrip 50-to-50 1.64-1.97 (18.28 %) 3.94-4.92 >11 20.78-23.55 85-90 52 65
(25 + j10)-to-50 1.65-1.97 (17.67 %) 3.96-4.98 22.02-23.45
(25 + j10)-to-(55 + 1.66-1.97 (17.08 %) 3.98-5.01 20.59-21.48
j10)

[33 Microstrip 50-to-50 1.45-1.55 (6.670 %) 3.40-3.71 >10 10 NA NA NA

[34] Microstrip 50-to-50 1.08 3.60 >12 36.2 130 10 15

[35] Microstrip 50-to-50 1.65-1.95 3.2-4.82 >12 22.1-34.5 102-115 10 15

[36] Microstrip 50-to-50 0.725* 3.20 >15 6.8-62.1 920 5 10

[37] Microstrip 50-to-50 1.46 3.10 >15.2 20.2 130 50 60

This Microstrip 50-to-50 1.62-1.94 (17.98 %) 4.30-5.40 >12 22.90-24.24 106-124 >125 AFR (o0)

work (27 + j12)-to-50 1.62-1.94 (17.98 %) 4.32-5.46 >11.5 22.07-33.87 109-124 >130 AFR (o0)

(25 + j12)-to-(55- 1.62-1.92 (16.94 %) 4.47-5.58 >13.3 22.30-31.25 110-126 >110 AFR (o0)
%

ILmax: Minimum in-band insertion loss, RLyi,: Input and output in-band return loss, Zs: port 1 termination impedance, Z;: port 2 termination impedance.
BW34p: Forward transmission 3-dB bandwidth, BWix: 20-dB reverse isolation bandwidth within passband.
BW.4p.1x: 16-dB reverse isolation bandwidth, AFR: all frequency range, *: Differential non-reciprocal bandpass filter.

Keysight ADS co-junction with HB module. In this work, we used var-
actor diode SMV 1233-079LF which provides capacitance range of 1-20
pF under reverse bias voltage range of 15-0 V [39]. The progressive
phase shift sinusoidal signals are applied using Keysight signal generator
whereas the measured S-parameter results are obtained using Keysight
N5224A vector network analyzer.

3.1. Results of prototype 1: Filter A: 50-to-50 Q NBPF

The physical dimensions of NBPF with RF port 1 and port 2 termi-
nation impedances of 50 Q (Filter A: 50-to-50 Q) are illustrated in Fig. 9
(a). The photograph of fabricated filter is depicted in Fig. 9(b). Fig. 10(a)
depicts the simulated and measured frequency response of Filter A at
center frequency of 1.74 GHz. The measured frequency response closely
matches with the simulated results and a summary of the measured
results can be found in Table 2. In experimental results, the minimum
measured in-band IL (|S21]) is 4.72 dB while maintaining in-band input
and output RLs higher than 13.4 within 3-dB passband bandwidth of
112 MHz. The reverse IX remains higher than 20 dB across the entire
frequency range.

Fig. 11(a) depicts both the simulated and measured S-parameters of
Filter A, illustrating the frequency tunability response. While Fig. 11(a)
shows a finite number of frequency responses, it is important to note the
passband center frequency can be continuously adjusted from 1.62 to
1.94 GHz by tuning dc-bias voltage of 0 to 5.20 V, while maintaining in-
band return loss >12 dB and IX >16 dB for entire frequency range. The
in-band IL loss varied from 4.30 dB to 5.40 dB throughout the entire
tuning range of 1.92 GHz to 1.62 GHz. The IL is primarily attributed
because of parasitic resistance of varactor diode. When a center fre-
quency is tuned toward a lower value, the IL slightly increases. The in-
crease in parasitic resistance of varactor diode is mainly responsible for
deterioration in IL and this effect becomes more prominent as the dc-
bias voltage is decreased toward lower value. As shown in the figure,
transmission zeros are produced in the forward direction of transmission
due to cross-coupling resulting from progressive phase shift modulation
signal. When resonators undergo modulation with progressive phase
shift modulation signal, IM products are generated. Consequently, the
power of RF signal is distributed among IM products, and transversal
propagation of RF energy occurs not only through fundament frequency,

but also through nonadjacent resonators at harmonic frequencies. This
phenomenon leads to the generation of transmission zeros.

3.2. Results of prototype 2: Filter B: (27 + j12)-to-50 Q NBPF

The physical dimensions of prototype 2 (Filter B: (27 + j12)-to-50 Q)
with port 1 impedance of (27 + j12) Q and port 2 impedance of 50 Q, are
depicted in Fig. 9(a). Fig. 10(b) depicts frequency response of Filter B at
center frequency of 1.76 GHz, while Fig. 11(b) depicts the simulated and
measured frequency tunability response. The measurement results of
Filter B are shown in Table 2. As shown in Fig. 10(b) and Fig. 11(b), the
measured S-parameters are agreed well with simulations.

As observed in Fig. 11(b), the center frequency can be adjusted
continuously from 1.62 GHz to 1.94 GHz by changing dc-bias voltage
from 0 to 5.20 V, providing 3-dB bandwidth variation from 109 MHz to
124 MHz. For each center frequency tuning state, the measured in-band
IL (|S21]) varies from 4.32 dB to 5.46 dB while the reverse IX varied (|
S12]) is varied from 20.44 dB to 33.87 dB at center frequency. The
reverse IX exceeded 20 dB within the passband and remained higher
than 16.40 dB across the entire frequency range. Although RF port im-
pedances port 1 and port 2 are arbitrarily terminated (Zs # Zj, # 50 Q),
Filter B exhibits good impedance matching within passband, resulting
the in-band input/output RLs higher than 11.20 dB. The photograph of
Filter B is shown in Fig. 10(d).

3.3. Results of prototype 3: Filter C: (25 + j12)-to-(55-j5) & NBPF

The objective of the third prototype (Filter C) is to design a NBPF
with termination impedance of (25 + j10) Q at port 1 and (55-j5) Q at
port 2. The physical dimensions of Filter C are depicted in Fig. 9(a).
Fig. 10(c) illustrates the simulated and measured S-parameter results of
Filter C at center frequency of 1.76 GHz while Fig. 11(c) showcases the
simulated and measured frequency tunability responses. The measured
frequency response closely agrees with the simulations and summary of
measured results of Filter C can be depicted in Table II. As shown in
Fig. 11(c), the center frequency can be continuously tuned from 1.62
GHz to 1.94 GHz with 3-dB bandwidth variation from 110 MHz to 126
MHz. In each center frequency tuning state, the measured in-band IL
ranged from 4.47 dB to 5.58 d, while the reverse IX varied from 20 dB to
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30 dB at fy. The reverse IX remains higher than 20 dB within the pass-
band and exceeds 17.50 dB across the entire frequency range.

3.4. Discussion

The forward transmission IL of the proposed NBPF primarily results
from two factors: (a) the conversion of a fraction of spectral RF power
into intermodulation (IM) products and (b) presence of the parasitic
resistance (R;) in varactor diode. To explore the underlying cause of the
forward transmission IL, we have conducted the simulation of NBPF
using SPICE model of varactor diode SMV 1233-079LF. These findings
indicate that a fraction of RF power distributed among IM products
contributes to IL of 0.92 dB. The remaining IL is primarily attributed
because of parasitic resistance R of the varactor diode. Notably, an in-
crease in parasitic resistance (R;) value correlated with higher forward
transmission IL. To improve the IL, it is advisable to employ varactor
diodes with small parasitic resistance (i.e. high Q-factor varactor diode).

The performance comparison between the proposed NBPFs and
previously reported NBPFs are depicted in Table 3. Notably, the previ-
ously reported NBPFs [23,24,34-36] exhibit high reverse IX only at
center frequency and reverse IX bandwidth is very narrow. Likewise,
works [27-31,37] demonstrated NBPFs with two-null reverse IX char-
acteristics. Although reverse isolation characteristics of these works
have two nulls, reverse isolation bandwidths of 20-dB and 16-dB are
very narrow and limited to range of 15-50 MHz and 23-65 MHz,
respectively. In contrast, this work demonstrated NBPFs with center
frequency tunability and arbitrary termination impedances that
exhibited the high reverse IX over the wide bandwidth. The measured
reverse IX is higher than 20 dB within passband and higher than 16.50
dB at entire frequency range.

4. Conclusion

In summary, this paper demonstrated rigorous design and microstrip
line implementation of tunable non-reciprocal bandpass filters with
arbitrarily terminated RF port impedances. The proposed non-reciprocal
filter can achieve low forward transmission insertion loss, excellent
impedance matching, and ultrawide high reverse isolation bandwidth.
The accuracy of design has been confirmed through a comparison with
the harmonic balance simulation results of microstrip line NBPF. For
experimental validation, three prototypes of nonreciprocal bandpass
filters have been designed, fabricated, and measured. The measured
frequency responses of non-reciprocal bandpass filters are in good
agreement with the simulated frequency responses, providing reverse
isolation exceeding 18 dB at all frequency range. Moreover, the pro-
posed filter successfully integrates matching circuit, tunable filter and
ultrawide isolator functionalities into a single circuit.
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