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Abstract —This paper introduces novel co-design approach of 

multi-functional power divider with tunable center frequency 

and non-reciprocal behavior (|S21| = |S31| ≈ � √�⁄  and |S12| = |S13| 

≈ 0) by employing spatio-temporal modulation technique. The 

nonreciprocal response is achieved by modulating its constituent 

resonators with progressive phase shift a sinusoidal signal. 

Through parametric numerical simulations, this paper 

establishes empirical relationships between modulation 

parameters and design specifications of the proposed non-

reciprocal filtering power divider. To validate the proposed 

method, a non-reciprocal filtering power divider with tunable 

center was designed and fabricated. Measurement results 

demonstrate the effectiveness of the proposed approach, showing 

that passband center frequency is tuned from 1.67 GHz to 1.96 

GHz while maintaining forward transmission insertion loss less 

than 4.8 dB and reverse isolation higher than 20 dB within 

passband.  

Keywords — Isolator, multi-functional filtering power divider, 

non-reciprocal, time-modulated resonators, varactor diode. 

I. INTRODUCTION 

The demand for multi-functional microwave/millimeter 
wave circuits is escalating, driven by the need for RF front 
ends that accommodate the emerging wireless applications. 
Power dividers/combiners are key components for wireless 
communication systems; however, conventional power 
divider/combiners are reciprocal (|S21| = |S12| and |S31| = |S13|) in 
nature. To address this limitation, integrating functions of 
tunable bandpass filter, power divider and isolator into single 
circuit is one emerging approach to facilitate the development 
of multi-functional miniaturized RF front-end chains for next 
generation wireless networks. Non-reciprocal components 
(such as circulator and isolator) play crucial roles in 
communication systems, radar, and instrumentation systems 
by mitigating self-interference between transmitting and 
receiving signals in full duplex (FD) systems and safeguarding  
RF front-ends from unwanted reflections [1]. However, 
conventional non-reciprocal components are mainly designed 
using ferrite magnetic material [2], which is bulky, expensive, 
and not compatible with integrated circuit (IC) design.  

Spatio-temporal modulation (STM) has been demonstrated 
as an alternative effective approach to achieve non-magnetic 
non-reciprocity. Non-magnetic non-reciprocal bandpass filter 
that allows transmission of signal in only direction (|S21| ≠ 
|S12|) have been demonstrated either in the lumped-element or 
microstrip-type configurations by STM technique [3], [4], [5]. 

 
Fig. 1. Coupling diagram of proposed multi-functional non-reciprocal power 
divider with tunable frequency and isolator functionality.   

In recent years, STM concept has been extended to design 
non-reciprocal power divider (|S21| ≠ |S12| and |S31| ≠ |S13|) by 
employing combination of static and time-modulated 
resonators [6]. However, in this structure, tunability of 
passband frequency is not feasible. In [7], a non-reciprocal 
power divider with tunable frequency is presented. 
Nevertheless, this structure requires a large number of time-
modulated resonators, thereby increasing the complexity of  
modulation signal circuit.  

This paper presents novel approach to realize multi-
functional non-reciprocal filtering power divider with tunable 
frequency and isolator functionalities, utilizing only three 
time-modulated resonators. For proof-of-concept, a microstrip 
line non-reciprocal power divider is designed and fabricated. 
Non-reciprocity is achieved by employing progressive phase 
shift sinusoidal modulation to varactor diode through bias 
transmission line (TL).   

II. DESIGN THEORY  

Fig. 1 depicts the coupling diagram of the proposed multi-
functional non-reciprocal filtering power divider with tunable 
center frequency. The proposed non-reciprocal filtering power 
divider consists of RF input port (S), three modulated 
resonators, power dividing non-resonating nodes, and two 
output ports (L1 and L2). To achieve a nonreciprocal response, 
the capacitor of each resonator undergoes modulation with a 
progressive phase shift sinusoidal signal [4] as follows: 

{ } ( )0( ) 1 cos ,  1 ,  1, 2,3m i iC t C m t i iω ϕ ϕ ϕ= + + = − ∆ =  
       (1) 

where ωm = 2��	 , ∆φ, and m are angular modulation 
frequency, phase shift, and the modulation index, respectively. 
Likewise, C0 is the nominal capacitance. In absence of 
modulation signal (i.e. static state), the circuit operates as 
reciprocal filtering power divider where input signal at port 1 

is divided into port 2 and 3 ( i.e. |S21| = |S12| = 1 √2⁄   and |S31| = 

|S13| = 1 √2⁄ ).  
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Fig. 2. Numerically calculated S-parameters of the proposed non-reciprocal filtering power divider with f0 = 1.8 GHz,  �
������= 100 MHz : (a) fm = 0.8×
�
������,  m = 1.44 × �
������ ��⁄ , ∆� =  65� , (b) fm = 1.10 × �
������, m =1.65 × �
������ ��⁄ , ∆� =  65� and (c) fm = �
������ , m = 1.8 × �
������ ��⁄ ,
∆� =  70�. Coupling matrix is given as: Ms1 = 1.04, M12 = 0.9298, M23 = 0.8944, ML1 = ML2 = 0.7071. 

When a modulation signal is applied, the  time-modulated 
resonator generates intermodulation (IM) products due to 
mixing of RF and modulation signals, which allow 
transmission with different distinct transmission phases. For 
simplicity, considering only two nonlinear harmonics, the 
spectral admittance matrix of time-modulated resonator [7] is 

given in (2). 
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,  2, 1,0,1,2n mx n nω ω= + = − −                              (3b) 

Similarly, Δ = BWstatic and ω0 are the bandwidth and the center 
angular frequency of filtering power divider as static state 
(without modulation).  

The phase difference (i.e. �� = !" − 1$∆, " = 1,2,3$ is the 
key mechanism that enables non-reciprocal response. When 
RF signal at operating frequency ω0 is applied to input port (S), 

IM products are generated at ω0 ± kωm (where k = ⋯, -2, -1, 0, 

+1, +2,⋯ ) with distinct phase delays, resulting from interaction 
of RF and modulation signals through time-modulated 
resonators [7]. After traveling through subsequent time-
modulated resonator, the existing IM products undergo a second 
and third time mixing with modulation signal. The power 
divider can be designed in such a way that the powers of IM 
products can be added in phase during forward propagation at 
output ports (L1 and L2), while the powers of IM products at 
input port (S) can be added 180o out of phase during reverse 
propagation. With appropriate selection of modulation 
parameters, the powers of IM products can be constructively (0o 
in phase) combined at the RF carrier frequency, resulting 

minimum transmission loss (i.e. |S21| = |S31| ≈
1 √2 ⁄ $. Conversely, the powers of IM products 
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Fig. 3. Numerically calculated S-parameters of the proposed non-reciprocal power divider with tunable passband frequency and BWstatic = 100 MHz. Modulation 

parameters : �	 = �
������ = 100 MHz, m =1.8 × �
������ ���⁄ , ∆� =  65�. Coupling matrix : Ms1 = 1.04, M12 = 0.9298, M23 = 0.8944, ML1 = ML2 = 0.7071 and 

f0i = f01 = 1.5 GHz, f02 = 1.8 GHz, and f03 = 2.10 GHz.  

           
(a)             (b) 

Fig. 4. (a) Microstrip line implementaiton of the proposed non-reciprocal power divider with physical dimensions (b) photogrpah of fabricated non-reciprocal 
power divider with experimental setup.  

are added up destructively (180o out of phase) in the reverse 

direction to create  high isolation (i.e. |S12| = |S13| ≈ 0). The 
coupling matrix values (MS1, M12, M23, ML1 and ML2) can be 
synthesized with Chebyshev or Butterworth response at static 
state (without modulation). To improve the isolation (|S23|) 
between the output ports, a 100 Ω resistor needs to be 
connected. 

A. Modulation parameters  

Numerical parametric simulations are conducted to 
determine optimum modulation parameters (fm, m, ∆φ), and 
results are depicted in Fig. 2 for various modulation frequency 
and modulation indices. The power divider is designed at 
center frequency (f0) of 1.80 GHz and bandwidth of 100 MHz 
at static state (without modulation). The coupling matrix 
values are synthesized using the Chebyshev response with an 
equiripple of 0.043 dB at passband of the static state. As 
observed from figures, the proposed power divider provides 
filter response with the low transmission insertion loss (IL) in 
the forward direction of propagation, while demonstrating 
isolator functionality in the backward direction. When the 
modulation frequency fm is less than BWstatic, high reverse 
isolation (IX) with a single null can be achieved at center 
frequency as shown in Fig. 2(a). Conversely, when fm exceeds 
BWstatic,  reverse IX with wider bandwidth and two nulls can 
be achieved in the backward direction of propagation as 
shown in Fig. 2(b), however, reverse IX at f0 is only 12 dB. 

When fm is nearly equal to  BWstatic, the power divider can 
provide low transmission IL (IL < 0.6 dB) and high reverse IX 
(IX > 22 dB at f0) with two nulls in the backward direction of 
propagation as shown in Fig. 2(c). Given the lossless nature of 

circuit, the IL in forward direction mainly arises from power 
conversion to IM products, which is not entirely converted to 
back to the fundamental frequency. Based on these results, it 
can be inferred that forward transmission IL < 0.6 dB 
(excluding inherent 3 dB  power division), input return loss 
(RL) > 12 dB, and IX (|S12| = |S13|) > 22.2 dB within the 
passband can be achieved if modulation parameters are 
selected as follows:  

0
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static o o
m static

BW
f BW m

f
ϕ

×
= = ≤ ∆ ≤           (4) 

B. Frequency Tunability   

The frequency tunable response of non-reciprocal power 
divider can be obtained by adjusting resonant frequency of 
time-modulated resonators. Fig. 3 demonstrated the 
numerically calculated frequency response of non-reciprocal 
power divider, showing its frequency tunable characteristics. 
The modulation parameters are selected using (4). As 
observed from the figure,  frequency of non-reciprocal power 
divider can be tuned continuously from 1.5 GHz to 2.1 GHz 
while maintaining forward IL < 0.6 dB (excluding 3 dB power 
division), input RL > 12 dB and reverse IX > 22 dB within the 
passband.    

III. EXPERIMENTAL RESULTS  

To experimentally validate the proposed structure, a non-
reciprocal filtering power divider with equal power division 
ratio was designed and fabricated on a Taconic substrate with 
a dielectric constant of 2.2 and a thickness of 0.787 mm. The 
objective was to achieve revers IX > 20 dB and low 
transmission loss while continuously tuning frequency from 

166



 

 

Fig. 5.  Simulated and measured results of fabricated multi-functional non-reciprocal power divider with tunable passband frequency and isolator functionality. 

1.60 GHz to 2 GHz and desired bandwidth of BWstatic = 90 
MHz. 

Fig. 4(a) depicts the microstrip line implementation of the 
proposed non-reciprocal power divider. The time-modulated 
resonators are realized using TL terminated with varactor 
diode SMV1233-076LF from Skyworks. The coupling Ms1 
between input RF port and first resonator is implemented 
through series TL and coupled line. The coupling M12 between 
resonators 1 and 2 is implemented using short-circuited stub. 
Likewise, the coupling M23 between resonators 2 and 3 is 
implemented with coupled line. The progressive phase shift 
sinusoidal modulation signals are applied through bias TL. 
The coupling between resonator 3 and output ports (L1 and L2) 
is implemented using quarter-wavelength TL. Fig. 4(b) shows 
the photograph of fabricated non-reciprocal power divider 
along with measurement setup.  

Fig. 5 shows both simulation and measurement results of the 
proposed non-reciprocal power divider. The non-reciprocal 
response is achieved by applying fm = 85 MHz, Vm = 2.4 v and 
∆φ = 65o. The measurement results are well agreed with 
simulation results. As depicted in the figure, frequency is 
continuously tuned from 1.67 GHz to 1.96 GHz by adjusting 
the bias voltage of varactor diodes. The forward IL varies 
from 3.90 dB to 5.10 dB (excluding inherent 3 dB power 
division), while maintaining input RL and output RLs higher 
than 16 dB and 15.5 dB, respectively, and reverse IX higher 
than 20 dB within the passband. The isolation between output 
ports (|S23|) is higher than 15.2 dB at f0. The forward IL 
degrades when frequency is tuned toward a lower value. As 
the dc-bias voltage is changed to lower value, parasitic 
resistance of varactor diode increases. The degradation of IL is 
mainly due to parasitic series resistance of the varactor diode.    

IV. CONCLUSION 

In this paper, multi-functional filtering power divider with 
tunable frequency and isolator functionalities is demonstrated 
employing time-modulated resonators. The proposed divider 

integrates functions of tunable bandpass filter, power divider 
and isolator within single circuit. For experimental validation, 
microstrip line non-reciprocal power divider is designed and 
fabricated. The measurement results are well agreed with 
simulations, affirming the effectiveness of the proposed design 
approach.  

ACKNOWLEDGMENT 

This research was supported by National Research Foundation 
of Korea (NRF) grant funded by Korea Government (MSIT) 
(No. RS-2023-00209081) and in part by the Basic Science 
Research Program through the NRF grant funded by Ministry 
of Education (No. 2019R1A6A1A09031717).  

REFERENCES 

[1]  N. Reiskarimian, J. Diakonikolas, T. Dinc, T. Chen, G. Zussman, and 
H. Krishnaswamy, “Integrated full duplex radios,” IEEE 

Communication Mag., vol. 55, no. 4, pp. 142-151, Apr. 2017. 
[2] C. E. Fay and R. L. Comstock, “Operation of the ferrite junction 

circulator,” IEEE Trans. Microwave Theory Techn., vol. MTT-13, no. 
1, pp. 15–27, Jan. 1965. 

[3] D. Simpson and D. Psychogiou, “Magnet-less non-reciprocal bandpass 
filters with tunable center frequency,” Proc. Eur. Microw. Conf, pp. 
460–463, Oct. 2019.  

[4] G. Chaudhary and Y. Jeong, “Frequency tunable impedance matching 
nonreciprocal bandpass filter using time-modulated quarter-wave 
resonators,” IEEE Trans. Industrial Electronics, vol. 69, no. 8, pp. 
8356-8365, Aug. 2022.  

[5] G. Chaudhary and Y. Jeong, “Nonreciprocal bandpass filter using 
mixed static and time-modulated resonators,” IEEE Microwave 

Wireless Component Letters, vol. 32, no. 4, pp. 297-300, Apr. 2022. 
[6] G, Chaudhary, P. Pech, S. Saron, D. Psychogiou, and Y. Jeong, 

“Nonreciprocal filtering power divider using mixed static and time-
modulated resonators: numerical design approach and experimental 
validation,” in Proc. 53rd European Microwave Conference, pp. 90-93, 
Sep. 2023.  

[7] G. Chaudhary and Y. Jeong, “Unequal power division ratio 
nonreciprocal filtering power divider with arbitrary termination 
impedance and center frequency tunability,” IEEE Trans. Microwave 
Theory Techn., vol. 72, no. 1, pp. 242-251, Jan. 2024.   

1.2 1.4 1.6 1.8 2.0 2.2

-60

-40

-20

0

1.2 1.4 1.6 1.8 2.0 2.2

-60

-40

-20

0

1.2 1.4 1.6 1.8 2.0 2.2

-30

-20

-10

0 |S31| Meas

 |S21| Sim

 |S21| Meas

 |S31| Sim

 

 

|S
2
1
|,

|S
3
1
| 
(d

B
)

Frequency (GHz)

 |S12| Meas

 |S13| Sim

 |S13| Meas

 |S12| Sim

 

 

|S
1
2
| 

,|
S

1
3
| 

(d
B

)

Frequency (GHz)

 |S23| Meas |S23| Sim
 

|S
2
3
| 

(d
B

)

Frequency (GHz)

1.2 1.4 1.6 1.8 2.0 2.2

-30

-20

-10

0

1.2 1.4 1.6 1.8 2.0 2.2

-30

-20

-10

0

1.2 1.4 1.6 1.8 2.0 2.2

-30

-20

-10

0
 |S11| Sim  |S11| Meas

 

 

|S
1

1
| 
(d

B
)

Frequency (GHz)

 |S22| Meas |S22| Sim

 

 

|S
2
2
| 

(d
B

)

Frequency (GHz)

 |S33| Meas |S33| Sim
 

|S
3
3
| 

(d
B

)

Frequency (GHz)

167


