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Abstract— This article presents RF design and practical imple-
mentation of a nonreciprocal filtering power divider that enables
arbitrary power division ratio (k*) and center frequency tunabil-
ity. By modulating resonators in the filtering power divider with
progressive phase shift sinusoidal modulation signals, a nonrecip-
rocal response (|S21] # |S12] and |S3;| # |S13]) is achieved. The
analytical spectral S-parameters of nonreciprocal filtering power
divider have been derived for insight analytical nonreciprocal
frequency response and practical implementation. The proposed
analytical equations can be applied to design a nonreciprocal
filtering power divider with arbitrary k> and any arbitrary
termination port impedances. Center frequency tunability can be
achieved by tuning the resonant frequencies of time-modulated
resonators. For experimental validation, prototypes of nonrecip-
rocal filtering power dividers with k2 = 1 and k* = 0.5 are
designed, implemented, and manufactured. The measured results
confirm the accuracy of the analytical design equations. In
the experimental results, the center frequency of nonreciprocal
filtering power dividers is tuned from 1.66 to 1.98 GHz (17.58%)
with a maximum forward insertion loss of 4.95 dB and reverse
isolation (|Syz| and |S;3]) higher than 20 dB at each center
frequency tuning state.

Index Terms— Arbitrary power division ratio, frequency tun-
able, intermodulation (IM) products, isolator, nonreciprocal
filtering power divider, time-modulated resonators, unequal
power division ratio.

I. INTRODUCTION

OWER dividers/combiners and filters are key com-
ponents of modern wireless communication systems,
such as phased array antenna systems and in-band full-
duplex (IBFD) systems [1], [2]. However, these conventional
power dividers/combiners are reciprocal in nature governed
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by the Lorentz reciprocity theorem [3]. Today’s state-of-
the-art and next-generation wireless communication systems
demand cost-effective, miniaturized, integrated solutions of
multifunctional components in a single device. Designing
multifunctional components, such as nonreciprocal filtering
power dividers with tunable center frequency, has attracted
significant interest as this component opens the door for
a wide range application in the next-generation radar,
imaging, and communication systems. Merging the nonre-
ciprocal response of the power divider with the antenna
will allow independent control of transmission and reception
properties of phased array antenna at the same operation
frequency, which pave the way to new functionalities and
applications in radar, sensing, and IBFD communication
systems [4], [5].

Traditionally, nonreciprocal components such as circulator
and isolator have been mainly designed by breaking the non-
reciprocity with ferrite magnetic materials, which are bulky,
expensive, and incompatible with integrated circuits [6], [7],
[8]. To eliminate the use of a magnet, active and nonlinear
circuit approaches have been applied to design nonreciprocal
components; however, these approaches suffer from poor noise
figure, limited power handling, and small dynamic range [9],
[10], [11].

In recent years, magnetless nonreciprocal circuits have been
widely investigated based on different approaches such as
linear periodically time-varying (LPTV) circuits approach,
staggered commutation, spatiotemporal modulation (STM)
approach, in pursuit of integration, affordability, and miniatur-
ization [12], [13], [14], [15], [16]. Magnetless nonreciprocal
bandpass filters (BPFs) that allow a signal travel in only direc-
tion have been designed using time-modulated resonators. In
[17], [18], and [19], nonreciprocal BPFs have been presented
using a lumped element time-modulated resonator. Modulat-
ing capacitor within the resonator generates intermodulation
(IM) products and the significant difference between the RF
power distribution among IM products in forward and reverse
direction paths generated nonreciprocity [17], [20]. A time-
varying coupling matrix approach was generalized in [21] to
design nonreciprocal BPE. However, these works employed a
low-pass filter (LPF) and static dc block capacitor to separate
the modulation signal and RF signal, which can increase
complexity in the practical implementation of additional dc
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bias and duplexing circuits. In [22], [23], [24], and [25],
nonreciprocal BPFs have been implemented in microstrip line
using half-wavelength and quarter wavelength time-modulated
resonators.

In [26], a nonreciprocal power divider based on pho-
tonic topological insulators is investigated, but only numerical
simulation results have been provided. Most recently, a non-
reciprocal filtering power divider based on time-modulated
resonators is presented in [27]. However, this design method
is only applicable for equal power division ratio and provides
narrowband reverse isolation.

In this work, we propose a nonreciprocal filtering power
divider based on time-modulated resonators that offer arbitrary
power division ratio, frequency tunability, and the ability to
behave as an impedance transformer, filtering power divider,
and isolator function in a single circuit. Analytical spectral
S-parameters have been derived to gain insight into non-
reciprocity in filtering power divider. The proposed design
equations are applicable for arbitrary k> as well as arbitrary
termination port impedances. To achieve nonreciprocity in
the microstrip line filtering power divider, the progressive
phase-shift sinusoidal modulation signal is directly applied to
the varactor diode through a bias transmission line (TL), sim-
plifying the practical implementation of the modulation circuit.
The frequency tunable nonreciprocal response is achieved by
tuning the bias voltage of the varactor diode and modulation
parameters.

II. DESIGN THEORY

Fig. 1 shows the proposed structure of an arbitrary k>
nonreciprocal power divider with a tunable center frequency.
The proposed nonreciprocal power divider is terminated with
arbitrary impedances r,, rp, and r., where the termination

Proposed structure of arbitrary terminated nonreciprocal power divider with 1: k> power division ratio and tunable center frequency.

impedances are normalized to 50 2. To achieve a nonre-
ciprocal response, we apply a sinusoidal modulation signal
with a progressive phase shift to modulate the capacitors
of the filtering power divider, as shown in Fig. 1, which
makes the system nonlinear [17], [21]. The capacitors of the
nonreciprocal power divider are modulated with progressive
phase-shift sinusoidal modulation signal as follows [15]:

Ct)=C[l+&cos2mfut + (i — DAp}], i=1,2,3
(D

where f, is the modulation frequency of the signal, Ag is
the progressive phase shift, and £ is the modulation index.
Likewise, C is the nominal capacitance. The phase difference
(Agp) is the key mechanism that enables a nonreciprocal
response. Each resonator generates a number of nonlinear
harmonics, which are coupled by time-modulated capacitors.
For simplicity, considering only two nonlinear harmonics [17],
the spectral admittance matrix of each resonator is given as in
(2), shown at the bottom of the page, where

x"=2n(f +nfn), n=-2,-1,0,+1,42. (3)

A. Even-Mode Equivalent Circuit Analysis

Fig. 2 depicts the equivalent circuit of the nonreciprocal
power divider under even-mode excitation. Assuming a power
division ratio of 1: k2, the termination impedance r, at port 1
is divided into rejy and .3, as shown in Fig. 2, and expressed
as follows:

1+ k?
Fel2 = ra( 2 ), reis = rq (1 +K%). “4)

The values of the coupling element value (mgy, mso2,
mo;, and so on) possess the same value under progressive

X720 — b x2Sy 0 0 0
x’lcgej(i’l)A<" x~'c— x_l—,L x’IC%e’j(i’l)A“’ 0 0
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Fig. 2. Equivalent circuit of the proposed nonreciprocal power divider under even-mode excitation: (a) between ports 1 and 2 and (b) between ports 1 and 3.

phase-shift sinusoidal modulation of resonators [21]. As a
result, the normalized values of the coupling elements are
given as follows:

k2 1
K o= ——
ot rarb(l + k2) sz rurb(l + kz)k2 (52)
1 , 1 1
m

" e T nge T vER
(5b)
_ 1 _ 1 _ 1
ma3 = «/ﬁ’ map; = m, mspy = W
(5¢)

where g; is the LPF prototype element values [28]. Assuming

bandwidth (A) and center frequency (fy) of the proposed

nonreciprocal power divider, the values of C and L of the

resonator are given as (6) if termination impedances are
normalized to 50 :

1 1
=— L=—.
2w A 4 f02C

Once the spectral admittance of time-modulated resonators
and coupling element values are determined using (2)—(5),
the spectral S-parameters of the nonreciprocal filtering power
divider can be obtained using the following equation (7) and
as in (8), shown at the bottom of the page.

— r5(1 4 k%)my, (rym3y by + by)

(6)

(7a)

U —1
Sy =U — Z[U + b—s{k2m51b4 +r(1+ kz)mfmbz}}

(7b)
-1

U
Sy = U — Z[U + 5 {maibs + (1 + kz)mfozbZ}} (7¢)
6

where
by = mp,U + A1ha, by = m3yh; + mih; + Aiaodks  (9a)
b = k’mj; (rym3; 1A + m3; + Arhs) (9b)
by = m3; + Ahs (9¢)
bs = kK> rym3 ymg Ao + rpr (1 + k7)m3 ;mZ b (9d)
b = rem3 ,mg Ao + rerg(1 4 k*)mjy ;mZ,by (%)
b; = kK*rymg;m3; ;As + k*mj by (9f)
bg = ro(1 + k*)my, (rym3; by + by) %9
by = moims; (r,m3y (2o + ba) (%h)
bio = remEm3; A, + mgyby (9i)
by = ry(1 + k%) mg, (rem3p,by + by) )
bi> = my;mapa (7, M3 ko + by). (9k)

The values of the coupling element are mgy = my U,
ms()zU, my = my U, m{)l = mé)l U, myp; =
mpU,my3 = myU,m3; = m31U, and mz; = m3,U,
and U is the unity matrix. The value of the spectral admittance
matrix A; is given in (2).

The nonreciprocal response of the filtering power divider
(IS21] # [S12] and |S31| # |S13|) arises from the difference
between (7a) and (7b) and (7c¢) and (8d), which is due to the
generation of IM products caused by STM. It should be noted
that only central elements in matrices presented in (8) and (7)
represent the fractional power conversion at the fundament
frequency; other elements represent the interharmonic spectral
power conversion. In fact, all elements collectively contribute
to achieving nonreciprocal response at the fundamental fre-
quency. When X; values of all the resonators are the same, the
proposed filtering power divider provides a reciprocal response
resulting in |Sz|| = |S|2| and |S3]| = |S]3|.

My =

2/ k?rarpmgy moymyzm;3msay g

Sy = (8a)
“ k2 rymgma; Ao + k*mg; by + ra(l + kz)mgm (rbm§L1b1 + b2)

Spy = 2 . [ K2y, |: bg i| y mg maihy 12)9 [ b } (8b)

1+k*V ry [bg+by Mgy My2My3 mygy; (rpm3; by +by) [ | mizmys
21/ k2rarcmgamg, myz;my3msy

Sa1 = ) 2 N2 2 (8¢)

remgmy; 5k +mgiby + ry (1 + k2)m), (rem3; by + by)
2 k2r. b my,msp2X bi> b

Sis=—3.,/— - 5 . (8d)

L+k>\ ro b+ bio || mg2mipzmy3 mgz (rem3; ,bi + by) | | mizmy;
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Fig. 3. Equivalent circuit of the proposed nonreciprocal power divider under odd-mode excitation: (a) between ports 1 and 2 and (b) between ports 1 and 3.

B. Odd-Mode Equivalent Circuit Analysis

Fig. 3 depicts the equivalent circuit of the proposed filtering
power divider under odd-mode excitation. As the termination
impedance of port 1 is short-circuited under odd-mode exci-
tation, there is no signal transmission to output ports 2 and 3.
Under odd-mode excitation, the normalized isolation resistors
between output ports are given as follows:

21 31 2
Tieo =1Tbs  Tio = K15

(10)

To achieve infinite isolation (|S3] = 0) between
ports 2 and 3, the values of r2! and rJ! should be trans-
formed to r, and r., which are termination impedance at
ports 2 and 3, respectively, as shown in the equivalent circuit
of nonreciprocal filtering power divider in Fig. 3. Therefore,
the normalized isolation resistor (r;s,) that can achieve infinite
isolation between output ports of nonreciprocal filtering power

divider can be found using the following equation:

Fiso = 1 (1 + £7). (11)

From (11), it can be noted that the value of the normalized
isolation resistor depends on the termination impedance (r)
of port 2 and the power division ratio (k*) of the nonreciprocal
filtering power divider and provide infinite isolation between
output ports.

C. Modulation Parameters Extraction

To demonstrate the design equations, the results of numeri-
cal simulations are shown in Figs. 4 and 5. Fig. 4 illustrates the
simulated forward transmission (|.S;], |S31]), reverse isolation
(18121, 1S13]), and input/output return losses (RLs) (|S;;|, i= 1,
2, 3) as a function of modulation frequency. Similarly, Fig. 5
presents the calculated S-parameters at f; and 20-dB isolation
bandwidth for various modulation parameters ( fi,, £, and Ag).
The design specifications for the nonreciprocal filtering power
divider are given as fy = 1.80 GHz and equiripple bandwidth
(A) of 100 MHz. The prototype element values for the
Chebyshev filter response [28] are given as gy = g4 = 0.84985,
g1 = g3 = 0.8635, and g, = 1.1038.

In Fig. 4, it is observed that the f,, should be chosen
nearly equal to the equiripple bandwidth of the filtering power
divider which creates two nulls in | S| and |S13] curves. When
fm < equiripple bandwidth, the separation between the two
nulls in |Si| and |S;3] curves converges to a single null with
high reverse isolation only at fy. On the other hand, when
Jfm > equiripple bandwidth, the separation between the two
nulls in |S}3| and |S)3| increases, but the magnitude at fy is
degraded.

As shown in Fig. 5, the forward transmission (|Sz;| and
|S31]) insertion loss (IL) is slightly affected by the modulation

frequency (fn). However, reverse isolation (IX = |S};| and
|S13]) has only one null at f; and the 20-dB IX bandwidth
is narrow when fp,, is smaller than the equiripple bandwidth
of the filtering power divider. On the other hand, the 20-dB
IX bandwidth increases when f;, is higher than the equiripple
bandwidth, but IX = |S|,| and |S3]| at fy is degraded. The
tradeoff exists between 20-dB IX bandwidth and IX at f;,. The
reverse IX increases as the modulation index (£) increases, but
forward transmission IL, 20-dB IX bandwidth, and RL are
degraded. Similarly, the reverse IX slightly increases as the
progressive phase shift (Ag) increases, but 20-dB IX band-
width and RL are degraded. Based on the above discussion, f,
should select nearly equal to the equiripple bandwidth of the
nonreciprocal filtering power divider for optimum electrical
performance. The Ag should be chosen between 50° and 70°.

D. Design Examples: Frequency Response of Nonreciprocal
Filtering Power Divider

Numerical simulations are carried out using the design
equations discussed in the previous section, and the results
are presented in Fig. 6. The filter specification is the same
as previously described in Section II-C, and the modulation
parameters are chosen as f, = 102 MHz, ¢ = 0.10, and
Ag@ = 60°. The nonreciprocal response (|S»;| # |Si2| and
[S31] # |S13]) achieved in all cases (k> = 0.5, 0.75, and 1).
These results showed that the forward IL (excluding the
intrinsic loss of the power divider) < 0.7 dB, input/output
RLs > 16 dB, and reverse IX (|Si2], |S13]) > 20 dB within
passband frequency, and isolation between output ports (| S»3|)
is infinite. The forward transmission IL is due to power
conversion to IM products. Furthermore, two transmission
zeros (TZs) are generated in the forward transmission. These
TZs are generated because the transversal of RF energy
occurs not only through the adjacent resonators at fundamental
frequency but also through nonadjacent resonators at harmonic
frequencies. The proper selection of modulation parameters
resulted in an excellent nonreciprocal response. Fig. 7 shows
the numerical simulation results of a nonreciprocal power
divider with different equiripple bandwidths (A). As noted
from these results, modulation frequency ( fi,) and modulation
index (£) increase as the A increases.

It is worth noting that the frequency tunability of the
nonreciprocal filter power divider is achieved by tuning reso-
nant frequencies of time-modulated resonators. Fig. 8 presents
the numerical simulation results demonstrating the frequency
tunability characteristics. The center frequency is tuned from
1.60 to 2 GHz in all cases (k? = 0.25, 1, and 2) with forward IL
(excluding intrinsic loss of power divider) < 0.7 dB, reverse
IX > 20 dB within passband frequency, and RL > 16 dB.
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Case 3: f, > equiripple BW
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Fig. 4. Simulated frequency response of nonreciprocal filtering power divider with a different modulation frequency (fm). Other specifications: fo = 1.8 GHz

and A = 100 MHz, and LPF prototype element values: go = g4 = 0.84985,
A = 60° and different f,.
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Fig. 5. Calculated forward transmission and reverse isolation at center frequency according to modulation parameters: fn, &, and Ag: (a) equal power

division ratio (k> = 1) and (b) unequal power division ratio (k> = 2.5). LPF prototype elements: gg = g4 = 0.84985, g; = g3 = 0.8635, go = 1.1038, and

Jfo = 1.80 GHz and equiripple bandwidth of nonreciprocal filtering power divi
and |Sy3].

The isolation between output ports is not shown in Fig. 8
because of its infinite theoretical value.

III. EXPERIMENTAL RESULTS

For the experimental demonstration, a prototype of
microstrip line nonreciprocal filtering power dividers with
k> = 1 and k* = 0.5 is designed and fabricated on
a Taconic substrate with a dielectric constant of 2.2,
thickness of 0.78 mm, and loss tangent of 0.0009. The
termination impedances of the nonreciprocal filtering power
divider are chosen as 50  for measurement simplicity
using a two-port vector network analyzer. The nonrecipro-
cal filtering power dividers are designed to have equiripple
bandwidth of 100 MHz with center frequency tunability

der (A) = 100 MHz. Reverse isolation (IX) represents the magnitude of |Sy2|

between 1.60 and 2 GHz. The RF design of these proto-
types starts with the methodology detailed in Section II.
Once the required coupling coefficients are obtained using
the provided design equations, the resonators are imple-
mented with varactor-loaded quarter wavelength microstrip
line time-modulated resonators [24]. The varactor diode used
in this work is the SMV-1233 from Skyworks, Irvine, CA,
USA, which provides variable capacitance from 1 to 20 pF
under reverse dc-bias voltage ranges from 15 to 0 V. The
coupling mgyy and mgy, are implemented with quarter wave
TLs. Likewise, coupling mq;, my,, and my3 are implemented
with coupled lines, whereas m,, ms,, and m3p3 are imple-
mented with short-circuited stub [25]. The modulation signal
is directly applied to the varactor diode through TL, which
simplifies the modulation circuit by eliminating the need
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Fig. 8. Numerical simulated frequency response of the proposed nonreciprocal filtering power divider with tunable center frequency: (a) r, =rp, =r. =1 Q
and k=L 0)ra=r,=rc=1Qand k> =2;and (¢) r, =2 @, 1, = 0.5 Q, r = 0.75 ©, and k? = 0.25. Other specifications: fo = 1.6-2 GHz and
A = 100 MHz, and LPF prototype values: go = g4 = 0.84985, g1 = g3 = 0.8635, and g» = 1.1038. Modulation parameters: f, = 102 MHz, { = 0.10,
and Agp = 60°.

separate LPF and other components. High isolation between

The physical dimensions are optimized using co-simulation

the RF port and modulation signal source is achieved by between Keysight Advanced Design System (ADS) and

controlling the length and width of TL. This approach can

reduce the circuit complexity.

ANSYS HFSS co-junction with large signal scattering param-

eters. For simulation, we used the SPICE equivalent circuit
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(b)
Fig. 9. (a) Physical layout with dimensions and (b) photograph of fabricated filtering nonreciprocal power divider with r, = r, = r. = 1 Q and k* = 1.
Physical dimensions unit: millimeter (mm). Varactor diode: SMV-1233 from Skyworks Inc.
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Fig. 10. Simulation and measurement results of filtering nonreciprocal power divider with k> = 1. Dashed line: simulation and solid lines: measurement.
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Fig. 11. Simulation results of nonreciprocal power divider with k> = 1 and

different values of parasitic resistance Rg in SPICE model of varactor
SMV-1233-079LF. Other parasitic parameters of varactor diode: C, = 0.5 pF
and L, = 0.7 nH [29].

model of varactor SMV-1233 provided by the manufac-
turer [29]. The RF characterization was performed through
S-parameter measurement using a Keysight N5224A vector
network analyzer.

A. Prototype 1: Equal Power Division Ratio k¥’ = 1

Fig. 9(a) shows the physical layout of the nonreciprocal
filtering power divider with k> = 1. The photograph of
the fabricated circuit is shown in Fig. 9(b). Fig. 10 shows
the comparison of the simulation and measurement results,
which show close agreement between them. The measurement

ISl (dB)
Pout (dBm)

Pin (dBm)

Fig. 12. Measured power handling capability of the proposed nonreciprocal
power divider with k> = 1 and single-tone RF signal at 1.78 GHz.

results are summarized in Table I. The nonreciprocal response
is achieved by modulating resonators with progressive
phase-shifted sinusoidal signal. The isolation between the
RF signal port and the modulation signal source is higher
than 26 dB.

As seen from these results, the center frequency is tuned
from 1.66 to 1.98 GHz with a frequency tunable range
(FTR) of 17.58% by changing the bias voltage of varac-
tor. The forward IL degrades when fy is tuned toward a
lower value. As the dc-bias voltage is changed to a lower
value, the parasitic resistance of the varactor diode increases.
The degradation in IL is mainly due to the parasitic series
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TABLE I
MEASUREMENT RESULTS OF NONRECIPROCAL POWER DIVIDER
Power division ratio =1 =0.5
Vae (V) 1.60 2.70 420 1.61 2.72 430
. -, (MHz 85 85 85 85 85 85
Modulation parameters fV(,,, (V)) 121 1.10 131 122 112 133
Ap (Deg) 60 60 60 60 60 60
/,(GHz) 1.66 1.78 1.98 1.66 1.78 1.98
|S21] (dB) -7.93 -7.10 -6.69 -6.71 -5.96 -5.56
IS12I=1X (dB) 24.03 21.97 21.17 2255 -20.67 -19.50
IS51] (dB) -7.98 -7.14 -6.72 9.82 9.01 8.65
Measured Resulis IS13=IX (dB) 21.10 -20.65 20.68 24.18 2234 20.68
12=1S1//|S3] (dB) 0.05 0.04 0.03 3.11 3.05 3.09
|23 (dB) -44.57 -57.44 -50.63 -44.57 -57.44 -50.63
BW oas-1x (MHz) 9 87 70 92 96 68
Input/output RL (dB) >11.44 >13.4 >132 >11.59 >13.4 >13.2

fm*+AQ fm fn

IL : Forward transmission insertion loss excluding the intrinsic loss of power divider, IX:

reverse isolation = magnitude of |S},| and |S)5]

(b)

Fig. 13. (a) Physical layout with dimensions and (b) photograph of fabricated nonreciprocal filtering power divider with r, = rp = r. = 1 Q and k* = 0.5.

Physical dimensions unit: millimeter (mm). Varactor diode: SMV-1233 from S

kyworks Inc.
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Fig. 14. Simulation and measurement result of nonreciprocal filtering power divider with k> = 0.5. Dashed line: simulation and solid lines: measurement.

resistance of the varactor diode. The amplitude and phase
imbalance are better than 0.27 dB and 0.5° within the passband
frequency.

To investigate the cause of the forward transmission IL,
we performed a simulation of a nonreciprocal power divider
using SPICE model of varactor diode SMV-1233, and the
results are shown in Fig. 11. As seen from these results, the

Authorized licensed use limited to: Jeonbuk National University. Downloaded

forward transmission IL is mainly due to a fraction of interhar-
monic spectral power conversion to IM products and parasitic
resistance (R,) of varactor diode. A fraction of interharmonic
spectral power conversion to IM products generates IL of
0.67 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
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TABLE I

PERFORMANCE COMPARISON BETWEEN THE PROPOSED
AND PREVIOUSLY REPORTED WORKS

Jfo IL BWaoas.1x
(GHz) ke (dB) (MHz) CF A
[17] 0.19 NA 1.50 20 No No
[18] 0.136~0.163 NA 3.7~4.1 NA Yes No
[19] 0.27~0.31 NA 1.7~43 NA Yes No
[20] 0.150 NA 1.5 NA No No
[21] 0.96 NA 4.50 N/A No No
[22] 1.02 NA 5.50 NA No No
[23] 0.88~1.03 NA 46~39 42 Yes No
[24] 1.64 ~1.97 NA 3.94~4.92 54 ~72 No No
[25] 1.46 NA 3.10 50 Yes Yes
27] 2.45 1 8 NA No No
This 1.66 ~1.98 1 3.72~4.97 70 ~ 96 Yes Yes
work 1.66 ~1.98 0.5 3.88 ~5.04 68 ~92 Yes Yes

CF: Center frequency tunability

IL: Forward transmission insertion loss excluding intrinsic insertion loss of
power divider.

k2= Arbitrary power division ratio of power divider

A: Arbitrary termination impedances (r, # 1y # 1)

IX= Magnitude of |Si,| and |S3| = reverse isolation

BW,as-1x: 20-dB reverse isolation (|S12], |S13])) bandwidth.

a varactor diode with low parasitic resistance (high Q-factor
varactor diode) is used.

The power handling capability of the proposed nonrecipro-
cal filtering power divider is mainly limited by the nonlinearity
of varactor diodes. Fig. 12 shows the measured 1-dB compres-
sion point (P 4g) with a single-tone RF signal at 1.78 GHz. As
observed from the result, the forward transmission IL (|.S»;])
is degraded when input power (Pj,) is higher than 16 dBm,
providing Pj4p of the proposed nonreciprocal power divider
is approximately equal to 16.1 dBm.

B. Prototype 2: Unequal Power Divider Ratio k> = 0.5

Fig. 13 shows the physical layout and a photograph of
the manufactured nonreciprocal filtering power divider with
k% = 0.5. The simulated and measured S-parameters are shown
in Fig. 14, and the measurement results are in good agreement
with the simulation. The measurement results are summarized
in Table 1. The isolation between the RF port and modulation
signal source is higher than 26.2 dB. In the experimental
results, the center frequency is tuned from 1.66 to 1.97 GHz
(FTR = 17.58%) by changing the bias voltage of the varactor
diode. The forward IL varies from 3.88 to 5.04 dB (excluding
intrinsic IL of the power divider), mainly due to parasitic
components of the varactor diode. The reverse IX (|Si2| and
|S13]) is better than 20 dB at each tuning center frequency. The
amplitude and phase imbalance are better than 0.5 dB and 1°
within the passband frequency.

The performance comparison between the proposed work
and previously reported works is shown in Table II. Notably,
all previously demonstrated were nonreciprocal BPFs except
[27]. Zang et al. [27] demonstrated a microstrip line nonre-
ciprocal filtering power divider with an equal power division
ratio. In contrast, the proposed work demonstrates a frequency
tunable nonreciprocal filtering power divider with an arbitrary
power ratio and arbitrary termination port impedances. The
proposed filtering power divider combines multifunctionalities

(e.g., frequency tunable filter, arbitrary power division ratio
power divider/combiner, and isolator) into a single device.

IV. CONCLUSION

In summary, this article presents the design and practical
implementation of a nonreciprocal filtering power divider with
an arbitrary power division ratio and tunable center frequency.
The analytical spectral S-parameters of the nonreciprocal
filtering power divider, which is capable of arbitrary power
division ratio and arbitrary termination port impedances, have
been derived and validated through numerical simulation and
manufactured prototypes. For experimental validation, proto-
types of tunable center frequency filtering power divider with
equal and unequal power division ratio have been designed,
manufactured, and measured. The measured results are in
good agreement with the simulated results, and the proposed
circuit combines the functionalities of a tunable filter, power
divider/combiner, and isolator within a single circuit.
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