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This paper presents a detailed analytical numerical design methodology and experimental validation of non-
magnetic non-reciprocal bandpass filter (NBPF) that exhibits a highly selective quasi-elliptic response in for-
ward direction of propagation. By modulating resonators with progressive phase shift AC modulation signal,
unidirectional RF signal propagation (|S21| # [S12]) is achieved. Analytical spectral S-parameters of the proposed
quasi-elliptic NBPF have been derived to gain insight nonreciprocal response. Furthermore, empirical relation-
ships between modulation parameters and filter specifications have also been established through numerical
simulations, allowing for simplified design process of the NBPF. By varying the resonant frequency of the res-
onators, a frequency reconfigurable transfer function can be achieved, providing center frequency tunability of
NBPF. For experimental validation purposes, a prototype of microstrip line NBPF is designed and manufactured
using three time-modulated resonators, which are implemented using transmission line loaded with varactor
diodes. The passband frequency can be continuously tuned by changing DC-bias voltage of varactor diodes. The
measurement results revealed that passband center frequency is tuned from 1.65 GHz to 1.95 GHz achieving at
tuning ratio of 1.182:1, while maintaining the nonreciprocal behavior with two transmission zeros. For all tuning
states, in-band minimum insertion loss in forward direction was measured between 3.20 and 4.8 dB, whereas
isolation in reverse direction was measured up to 34.5 dB.

1. Introduction

Non-reciprocal components such as isolators and circulators are
crucial components that can protect RF devices from reflected high-
power signals or separate transmit and receive channel in in-band full
duplex (IBFD) radio [1,2]. However, these nonreciprocal components
are typically designed using bulky magnetically-biased ferrite-based
resonators [3,4]. Spatio-temporal modulation (STM) is an effective
method to achieve nonreciprocity without using bulky magnetically
biasing ferrite-based resonators [5]. Recent research efforts are focusing
on developing a nonreciprocal bandpass filter (NBPF) that integrates
functions of bandpass filter (BPF) and isolator within a single device.
STM has proven to be a successful technique for designing NBPF by
braking nonreciprocity thorough modulation of resonators with pro-
gressive phase shift AC signal. This approach has been demonstrated in
both lumped element [6-10] and microstrip-type NBPFs [11-15]. In
[16], NBPF was demonstrated using mixed static and time-modulated
resonators, however, passband tunability was not achievable in that
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design. To achieve selective frequency characteristics, NBPFs with a
quasi-elliptic transfer function were implemented in subsequent works
[17-19].

Despite significant research efforts, none of the works have focused
on the analytical S-parameter numerical approach solely responsible to
insight non-reciprocal scattering parameters. In addition, previously
reported NBPFs have primarily relied on parametric studies using har-
monic balance (HB) simulations, which can be time-consuming due to
convergence requirement of the HB algorithm. In [8], the spectral S-
parameters of NBPF have been derived, however, these design equations
are not applicable for designs that incorporate cross-coupling to achieve
quasi-elliptic transfer function.

Aiming to overcome limitations of previously reported NBPFs, this
paper presents detailed numerical design approach to design NBPF using
time-modulated resonators. To achieve high frequency selective char-
acteristics, quasi-elliptic transfer NBPF is implemented by incorporating
cross-coupling between the first resonator and load, which provide low
transmission insertion loss and quasi-elliptic filter response with two


mailto:ycjeong@jbnu.ac.kr
www.sciencedirect.com/science/journal/14348411
https://www.elsevier.com/locate/aeue
https://doi.org/10.1016/j.aeue.2023.155111
https://doi.org/10.1016/j.aeue.2023.155111
https://doi.org/10.1016/j.aeue.2023.155111

G. Chaudhary and Y. Jeong

transmission zeros in forward propagation direction. For the purpose of
detailed numerical design, analytical spectral S-parameters have been
derived. In addition, the proposed design equations allow for insight
into the nonreciprocal behavior of the proposed NBPF without use of HB
simulations. Furthermore, the proposed numerical design approach can
also enable the establishment of empirical relationship between filter
specification and modulation parameters, which allow to select opti-
mum modulation parameters. By tuning resonant frequencies of time-
modulated resonators, the passband center frequency can be tuned.
For proof of concept, microstrip line NBPF with quasi-elliptic response
and tunable center frequency is designed, manufactured, and measured.
By changing DC-bias voltage of varactor diodes, the passband frequency
can be continuously tuned. The proposed NBPF combines functionalities
of quasi-elliptic tunable bandpass filter and isolator within single circuit,
which can facilitate the development of multi-functional miniaturized
RF front end chains for next generation wireless communication
systems.

2. Analytical design theory

Fig. 1 depicts coupling diagram and conceptual frequency response
of the proposed quasi-elliptic NBPF. RF port 1 is represented by S
whereas RF port 2 is denoted by L. RF ports are terminated with
normalized impedance of 1 Q. The proposed NBPF consists of three time-
modulated resonators (R, Ry, and R3) where main coupling represented
by solid line (Mg, M2, M23 and M3;) and cross-coupling represented by
dashed line (Mj;). As shown in conceptual transfer function, the pro-
posed filter exhibits two transmission zeros (TZs) in forward direction (|
S21]) because of cross-coupling between R; and output port (L). To
achieve a nonreciprocal response, three resonators are modulated with
time-varying capacitor of C; (t) as follows [6]:

Ci(t) = Co[1 + meos{w,t + (i —1)Ap }],i = 1,2,3 (@D)

where Co, om = 27 fin, Ap, and m are nominal capacitance at static state,
modulation frequency, progressive phase shift, and the modulation
index, respectively.

When RF carrier signal is applied to the time-varying capacitors, a
series of intermodulation products are generated. Considering n-har-
monics (i.e., kj = ---,—2, —1, 0, 1, 2, ---), the spectral admittance matrix
(4) of n™_time-modulated resonators is given as (2)
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where

Q=2 (ﬁf@)k:m,72,71,0,1,2,--- (3a)
2 x A\wy  x

Xp = @+ kwy k=, —2, —1,0,1,2, - (3b)

Using coupling diagram shown in Fig. 1(a) and spectral admittance
matrix given (2), the spectral S-parameters of the proposed quasi-elliptic
NBPF are derived as (4). The spectral S-parameters shown in (4) can be
derived after a series of spectral inverse operations. It should be noted
that S-parameters shown in (4) no longer possess a single value, instead,
each represents a spectral harmonic matrix at each frequency.

A, (C 47V, s — M)

S =84" = U - B M, hds — (MG, M, ) loks — ity Y
3142 51 1L) 243 — JA1A243
Sf'z'kz _ n ZM:I (M122M23M3L - ?/IILM% + MIL/13./12) (4¢)
+jB — M3, oA — (M + My, ) Asdy — jAshad
where
A = M2 M3, +M3,M3, + M2, M}, — 2M ;M3 M M3, (5a)
B = M2, A, + M2 M2, 4, + M3, 4, (5b)
C = M3, — 0.5M;Mp; My, My, — 4M3, M7, (50)

and U is unity matrix. The values of coupling matrix are: Mg =
Msl U,M12 = M12U, M23 = M23U, M3L = Mle7 M1L = M1LU. Likewise,
® and oo represents operating angular frequency and center angular
frequency, respectively, whereas A represents equiripple bandwidth of
filter at static state (without modulation). It should be noted that
coupling elements (M1, Mj2, Mas, M3, Mj.) possess the same values
at fundamental and harmonic frequencies.

The progressive phase difference (A¢) plays a crucial role in enabling
nonreciprocal response. It is important to note that only central elements
in matrices presented in (4) represent the fractional power conversion at

kyee -2 -1 0 +1 +2 --- indices
2 4);72:2 e 0 0 0 N
4);l<mA A @ 4);1XmA S 0 0 !
A= 0 4550;” Adww 2 4;0:1 Aw(l v 0 f 1
0 0 4);+lxmAd(H)Aw 41 4jr+;<mA e
0 0 0 4);+§<mA S Q2 +2
. .

(2)
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Fig. 1. Proposed quasi-elliptic NBPF: (a) coupling diagram (b) conceptual forward transmission (|S21]), reflection (|S11]) and reverse isolation (|S12|) response of

NBPF, and (c) conceptual frequency response of tunable NBPF.

the fundament frequency, while other elements represent the inter-
harmonic spectral power conversion. In fact, all elements collectively
contribute to achieve nonreciprocal response at the fundamental fre-
quency. When 4; values of all the resonators are same, the proposed filter
provides a reciprocal response resulting in |Sa;| = |S12|.

Fig. 2 shows numerically calculated scattering parameters at
fundamental frequency with increasing number of harmonics such as
Npor=5,7 (iek;=-2,-1,0, +1, +2and k; = -3, -2, -1, 0, +1, +2, +3). It
can be observed that results are, in general, very stable, showing only
small differences as the number of harmonics is increased. Results show
that the filter has a flat passband in forward direction with insertion loss
(IL) of 0.46 dB and return loss of 16.5 dB. Since the network is lossless,
the IL of 0.46 dB in forward direction is due to power that is converted to
nonlinear harmonics and is not converted back to the fundamental fre-
quency. As results shown in Fig. 2 also confirm that very strong non-
reciprocity in reverse direction is obtained at fundamental frequency.
The reverse direction isolation (IX) is higher than 50 dB at center fre-
quency and greater than 7 dB within all frequencies.

Fig. 3(a) shows numerically calculated scattering parameters of the
proposed quasi-elliptic NBPF with cross-coupling at fundamental fre-
quency and compared results of NBPF without cross-coupling. The re-
sults reveal the generation of two TZs in forward transmission (|Sa1|).
These TZs primarily arise from cross-coupling (M;) between resonator 1
and load. It is noteworthy that when M, = 0, TZs in the forward di-
rection of propagation disappear. Likewise, Fig. 3(b) shows scattering
parameters at fundamental frequency when different modulation fre-
quency is selected. Results show that when modulation frequency is
selected as f, = 1.3A where A is bandwidth of filter at static state
(without modulation), high level of isolation (|S;2|) with a single null in

1S441

14 16 1.8 2

Frequency (GHz)

2.2

reverse direction can be achieved. On the other hand, if modulation
frequency is selected as f;; = 1.42A, reverse isolation with two nulls and
slightly wider isolation bandwidth can be obtained, however, magnitude
at center frequency is only 20 dB.

2.1. Selection of modulation parameters

To select optimum modulation parameters, the S-parameter results
are numerically calculated using different modulation parameters (f;;, m
and A¢) and results are shown in Fig. 4. To effectively depict the
parameter sweeping results, two data visualization methods, namely
line plots, have been used. In these results, colormaps denote the mod-
ulation parameters. As observed from these results, the highest reverse
isolation (IX = |S13|) is achieved when f;; = 130 MHz with acceptable
forward insertion loss (IL=|S2:|). Higher f;, values lead to lower IL, but
also lower reverse IX. Regarding modulation index m, higher m leads to
higher IX and relatively higher IL. In addition, too large m values provide
higher IL and lower IX. When A¢ is between 65° and 75°, the acceptable
lower IL and higher IX is achieved while maintaining the frequency
response of NBPF with quasi-elliptic response in forward direction.

Based on these numerical simulation results, an interesting empirical
relationship can be established among the modulation parameters (i.e,
fm, m, and Ag), and filter specifications (i.e, fo, and A = bandwidth of
filter when no modulation signal is applied) of the proposed quasi-
elliptic NBPF, as given by (6).

fu=130xA (6a)

m=1235x A/f (6b)

)
=
N
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Fig. 2. Numerical simulation results of quasi-elliptic NBPF at f, = 1.8 GHz and A = 100 MHz with number of harmonics. Coupling matrix values are obtained by
optimization and are given as: My; = 1.3440, My, = 1.3055, My3 = 1.4971, M3, = 1.3301, M, = -0.1120. Progressive phase shift: Ap = 75°.
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Fig. 3. Numerical simulation results of quasi-elliptic NBPF with f, = 1.8 GHz and A = 70 MHz: (a) with/without TZ, and (b) different modulation frequency (f;,).
Coupling matrix values are obtained by optimization and are given as: Ms; = 1.3440, M35 = 1.3055, Moz = 1.4971, M3, = 1.3301, My;, = -0.1120. Progressive phase

shift: Ap = 75° and A is bandwidth of filter when no modulation is applied.
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Fig. 4. Numerically calculated frequency response of quasi-elliptic NBPF with modulation parameters (a) different modulation frequency with m = 0.13, Ag = 75°,
(b) different modulation index with f,, = 130 MHz, A = 75° and (c) different phase difference with f,;, = 130 MHz, m = 0.13. Coupling matrix values are obtained by
optimization and are given as: My = 1.3440, M1 = 1.3055, M23 = 1.4971, M5, = 1.3301, My, = -0.1120, A = 100 MHz and f, = 1.80 GHz.

65°<AP<T5 (60)

It is worth noting that equation (6) provides modulation parameters
that enable the design of a quasi-elliptic NBPF with low forward IL and a
very high level of reverse isolation. Furthermore, these empirical re-
lations offer a straightforward selection of modulation parameters

without need of optimization that can directly be used in experimental
verification of fabricated protype of quasi-elliptic NBPF.

Fig. 5 demonstrates the numerically simulated frequency of the
proposed quasi-elliptic NBPF for different equiripple bandwidths (A) at
static state (no modulation). The results reveal that the forward trans-
mission insertion loss (IL= |Sp1|) is < 0.5 dB, reverse isolation (IX = |
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Fig. 5. Numerical simulation results of quasi-elliptic NBPF with different equiripple bandwidth (A) at static state. Coupling matrix values are obtained by opti-
mization and are given as: My; = 1.3440, M, = 1.3055, M3 = 1.4971, M3, = 1.3301, M;;, = -0.1120. Progressive phase shift: Ap = 75°.
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Fig. 6. Numerical simulation results of quasi-elliptic NBPF with reconfigurable passband response. Coupling matrix values are obtained by optimization and are
given as: My; = 1.3440, M, = 1.3055, M3 = 1.4971, M3, = 1.3301, M;;, = -0.1120. Progressive phase shift: A¢ = 75°.

S12|) is > 40 dB and input/output return loss is > 16 dB at center fre-
quency. As indicated by equation (6), m is proportional to A, therefore,
when A is chosen as 60 MHz and 100 MHz at f; = 1.8 GHz, desired
values of m are 0.078 and 0.13, respectively.

Fig. 6 illustrates the numerically calculated frequency response of
the fully reconfigurable quasi-elliptic NBPF. The passband tunability of
quasi-elliptic NBPF is achieved by adjusting the resonant frequency of
time-modulated resonators. In these simulations, the modulation pa-
rameters are chosen using (6). Results show that the passband center
frequency is tuned from 1.60 GHz to 2 GHz while maintaining input/
output RL > 16 dB, forward transmission IL < 0.5 dB and backward IX >
40 dB at each tuning state.

2.2. Design guide of proposed quasi-elliptic NBPF

Based on the filter specifications (such as center frequency, band-
width, in-band return loss characteristics and location of transmission
zeros at static state), numerical simulations have been carried out using
analytical spectral S-parameters equations shown in (2)-(5). The mod-
ulation parameters have chosen using (6). The sequential design steps of
the proposed quasi-elliptic NBPF are summarized as follows:

(a) Define filter specification such as center frequency (fp), band-
width (A) at static state (without modulation), in-band return loss
(RL) characteristics, and location of TZs.

(b) Construct coupling matrix values (Mg; = Mg U, M1 = M12U, Mas
= M2U, M3, = M3 .U, and M;;, = M;.U) according to desired RL
and TZ locations [18]. U represents a unitary matrix.

(c) Calculate modulation parameters (f;;,, m, Ag) using (6).

(d) Using modulation parameters, calculate A; using (2) for all
frequencies.

(e) Calculate and plot frequency responses of the proposed NBPF
using (3)-(5) to achieve desired non-reciprocity response in the
passband.

(f) Once the desired non-reciprocal response is achieved, calculate

admittance/impedance inverter values using coupling matrix

(Ms1, My2, Mas, M3, and M;1) and slope parameters of time-

modulated resonators. The time-modulated resonators can be

implemented either using lumped elements (such as inductors
and varactor diodes) or microstrip lines (such as transmission
lines and varactor diodes). The calculation of admittance in-
verters will follow same as the conventional filter design

approach [20].

Construct overall circuit of the NBPF by implementing admit-

tance/impedance inverters with appropriate physical structure.

Finally optimize physical dimensions using 3-D electromagnetic

simulator.

—

(g

3. Experimental results

For experimental proof-of-concept, a prototype of a microstrip line
quasi-elliptic NBPF is designed and manufactured on Taconic substrate
with dielectric constant of 2.2 and thickness of 0.787 mm. NBPF was
designed to have A = 68 MHz at f, = 1.80 GHz. Fig. 7 shows microstrip
line implementation of the proposed quasi-elliptic NBPF. Firstly, ac-
cording to filter specifications (such as center frequency, bandwidth,
return loss characteristics, transmission zeros locations), a reciprocal
filter is designed using coupling shown in Fig. 1(a). Once coupling ma-
trix values are determined, the admittance inverter values are obtained
using impedance scaling, bandpass transforming to center frequency
and fractional bandwidth, and slope parameter of resonator. After
obtaining all the parameters of equivalent circuit shown in Fig. 7(a), the
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Fig. 7. (a) Circuit equivalent of proposed quasi-elliptic NBPF, (b) time-modulated resonator, (b) ~ (e) inverters implementation using transmission lines, and (f)
overall microstrip line implementation of proposed quasi-elliptic NBPF. Physical dimensions: W; = 0.9, L; = 12.1, W, = 1.1, L, = 10.76, g; = 0.14, W3 = 1.36, L3 =
16,L4, =572, Wx=1.4,Lx =1.3,Lx; =7, Wy =1.71,8,=0.7,Ls = 16, Lg = 1.4, L, = 10, Lg = 9, W, = 0.5, L, = 34.9, W}, = 0.6, L}, = 23, C4. = 100 pF and R, = 10

kQ. Unit: millimeter (mm). Varactor SMV: 1233-079LF from Skyworks Inc.

time-modulated resonators and static inverters are implemented with
transmission lines (TLs) and varactor as shown in Fig. 7(b) ~ (d). In this
work, the time modulated resonators are realized with quarter-
wavelength TL terminated with varactor diode SMV 1233-079LF from
Skyworks Inc [21], as shown in Fig. 7(b). The required resonant fre-
quency of time-modulated resonators can be obtained by changing
lengths Ly, L, and width Wy. The progressive phase shift modulation
signal is applied to varactor diode through TL elements Wy, and Ly, The
admittance inverter (J;;) between input port 1 and resonator 1 is
implemented through TL elements W1, L; and coupled line elements Wy,
Ly, g1 as shown in Figure (c). Similarly, impedance inverters (K;o and
Ks1) between resonators 1 and 2, and between resonator 3 and output
port 2 are implemented through short-circuit shunt stub with physical
parameters Wy and Ly as shown in Fig. 7(c) whereas admittance inverter
(J23) between resonators 2 and 3 is realized through coupled line ele-
ments Wy, Ly and g» as shown in Fig. 7(d). The cross-coupling (M1)
between resonator 1 and output port 2 is obtained through TL of phys-
ical parameter W, and L.. The layout of overall microstrip line imple-
mentation of the proposed quasi-elliptic NBPF is shown in Fig. 7(f) with
physical dimensions. The co-simulation is conducted using ANSYS HFSS
and PathWave ADS to optimize physical parameters. The modulation
parameters of the proposed quasi-elliptic NBPF are estimated using (6)
as follows: f;, = 85 MHz, m = 0.1109 and A¢ = 75°.

Fig. 8 shows the simulation and measurement results, demonstrating
a good agreement between simulated and measured responses. The

center frequency of quasi-elliptic NBPF is tuned from 1.65 GHz to 1.95
GHz achieving tuning ratio of 1.182:1, by varying dc-bias voltage from
0 to 6.5 V. While a finite number of frequency responses are shown in
Fig. 8, it should be noted that the passband frequency can be continu-
ously adjusted. The minimum in-band IL in forward transmission varies
between 3.42 and 4.8 dB and IX in reverse direction ranges from 27 dB to
34.5 dB, while maintaining in-band return loss > greater than 12 dB
throughout entire tuning range. Throughout all tuning states, the pro-
posed tunable NBPF generates two TZs, resulting in quasi-elliptic
response. The forward transmission IL is mainly due to parasitic resis-
tance of varactor diode. The varactor diode parasitic resistance increases
as the DC-bias voltage of varactor diode is tuned toward to lower value
(such as 0 V). The passband frequency of the proposed quasi-elliptic
NBPF is tuned by changing the varactor diode bias voltage. As shown
in Fig. 8, the passband frequency is tuned toward lower frequency by
changing dc-bias voltage of varactor of varactor diode toward lower
value. Therefore, the forward transmission IL increases when the pass-
band frequency is tuned toward a lower frequency because of higher
parasitic resistance at lower DC-bias voltage.

Fig. 9 shows the measured response of quasi-elliptic NBPF under
with and without modulation condition. When modulation is turned off,
the filter provides reciprocal filter response (|S21| = |S12|) with forward
IL of 2.73 dB and input and output ports matching are greater than 25 dB
at center frequency of 1.80 GHz. When modulation is turned, the pro-
posed filter provides non-reciprocal response (|Sz1| # |S12|) where
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Fig. 8. Simulation and measurement results of fabricated quasi-elliptic NBPF: (a) input return loss (|S11|), (b) output return loss (|Sa2|), (¢) forward transmission (|
S21|), and (d) reverse transmission (|S12|).
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Fig. 10. (a) Simulation results of quasi-elliptic NBPF with different values of parasitic resistance R, in SPICE model of varactor SMV 1233-079LF and (b) photograph
of fabricated quasi-elliptic NBPF with measurement setup. Other parasitic parameters of varactor diode: C, = 0.5 pF and L, = 0.7 nH [21].
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Fig. 11. Measured output harmonic spectrum of quasi-elliptic NBPF when one-tone signal at frr=1.80 GHz and P;, = 0 dBm is applied to input port: (a) forward

direction P5; (b) reverse direction Pqs.

Table 1
Performance comparison with state-of-the-art.
FTR (GHz) RL (dB) IL (dB) BW34p (MHz) IX @fo (dB) Technology TVR A QE

[6] 0.19 15 1.50 30 20.2 Lumped 3 Y* N
[71 0.136 ~ 0.163 >14 3.7 ~41 27.5 21 ~ 26 Lumped 3 N N
[8] 0.150 >17 1.8 140 18 Lumped 3 Y* N
[9] 0.15 >14 3.20 20 28.6 Lumped 3 N N
[10] 0.57 ~ 0.724 >15 48 ~ 6.8 37.5~73.9 21 ~ 35 Lumped 4 Y Y
[13] 0.88 ~ 1.03 >10.9 3.9~46 NA 20 Microstrip 3 N N
[15] 1.64 ~ 1.97 >11 3.94 ~ 4.92 87 ~ 97 20 Microstrip 3 N N
[16] 1.46 >15.2 3.10 160 20.2 Microstrip 2 N N
[17] 0.27 ~ 0.31 >10 1.7 ~ 43 41.5 15.4 ~ 30.9 Lumped 4 N Y
[18] 1.08 >12 3.6 130 36.2 Microstrip 4 N Y
[19] 0.725 >15 3.2 90 6.8 ~ 62.1 Microstrip 4 N y®
This work 1.65 ~ 1.95 > 12 3.20 ~ 4.82 102 ~ 115 22.1 ~ 34.5 Microstrip 3 Y Y (Two TZs)

A = Nonreciprocal frequency response analysis using analytical design equations.

BW3g4p = 3-dB bandwidth of forward transmission (|Sa;|).
QE: Quasi-elliptic response.

@ Spectral S-parameters without cross-coupling.

b Balanced quasi-elliptic NBPF.

forward transmission IL is 3.98 dB and reverse IX is 34 dB and input/
output return losses are higher than 17 dB at center frequency of 1.80
GHz.

To investigate the cause of the forward transmission IL, we per-
formed simulation of quasi-elliptic NBPF using SPICE model of varactor
diode SMV 1233-079LF [21] and results are shown in Fig. 10(a). The
forward transmission IL is mainly due to a fraction of inter-harmonic
spectral power conversion to IM products and parasitic resistance (R;)
of varactor diode. A fraction of inter-harmonic spectral power conver-
sion to IM products generates IL of 0.7 dB and the rest of IL is due to
parasitic resistance R; of the varactor diode. As the value of R increases,
the forward transmission IL also increases. The IL can be improved if
varactor diode with low parasitic resistance (high Q-factor varactor
diode) is used.

Fig. 11 shows the measured output harmonic spectrum of the pro-
posed quasi-elliptic NBPF. Due to the nonlinear behavior of the modu-
lated varactors, output harmonic spectrum can be observed. When one
tone RF power of fyp = 1.80 GHz and P;, = 0 dBm is applied to RF port 1,
the output power of —3.64 dBm at fy;, and 18.8 dBm/17.8 dBm at fo-f,/
fo + fin are observed at RF port 2. Similarly, when RF power Pj, = 0 dBm
is applied to RF port 2 in reverse direction, the output power of —34.4
dBm at fy and 15.5 dBm/16.2 dBm at fy-f;n/fo + fm are obtained at RF
port 1, providing reverse isolation of 34.5 dB.

The performance of the proposed NBPF is compared with the state-
of-art as shown in Table 1. The work [10,17] demonstrated lumped
element NBPF with quasi-elliptic response in forward direction

transmission. However, works [10,17] require at least four time-
modulated resonators and four separate low pass filters to separate RF
signal and modulation signal, resulting in complexity of modulation
circuit. In contrast, the proposed work demonstrated microstrip line
NBPF with quasi-elliptic response in the forward direction transmission
using only three-time modulated resonators. In addition, by directly
applying the modulation signal to varactor diode through the TL, the
proposed NBPF simplifies the modulation circuit by eliminating the
need to separate low pass filter. The proposed work also offers analytical
design equations incorporating cross-coupling that allow to gain
analytical insight into the distribution of RF signal among IM products
generated in time-modulated resonators. In addition, analytical design
equations proposed in this work provides easy extraction of modulation
parameters that can be directly used in design and experimental vali-
dation of tunable quasi-elliptic NBPF with enhanced frequency selective
characteristics.

4. Conclusion

This paper presented the design and implementation of a tunable
NBPF with a quasi-elliptic transfer response. An empirical relationship
between modulation parameters and filter specifications was established
to achieve quasi-elliptic bandpass response in forward direction and a
highly attenuated response in reverse direction. For experimental vali-
dation, a prototype of microstrip line quasi-elliptic NBPF was designed,
manufactured, and measured. The fabricated prototype exhibited
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passband center frequency tuning range of 1.182:1, with minimum in-
band insertion loss < 4.8 dB and two TZs in forward transmission,
isolation level up to 34.5 dB in reverse direction and RL > 12 dB in all
tuning state. The proposed quasi-elliptic NBPF can be applied in various
applications of wireless communication systems. Since the proposed
quasi-elliptic NBPF combines functionalities of quasi-elliptic tunable
filter and isolator within single circuit, miniaturized wireless transceiver
systems can be designed using the proposed NBPF that allows reduction
of components both transmitter and receiver by performing filtering and
isolation operations.
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