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This paper presents RF co-design approach for a multi-function filtering phase shifter that integrate function-
alities of a tunable bandpass filter, continuously tunable phase shifter, and isolator into a single circuit. To
support detailed design, the analytical spectral S-parameters of the proposed multi-function non-reciprocal
filtering phase shifter have been derived. The isolator functionality (i.e. |S21| # |S12|) can be achieved using time-
varying capacitors modulated by progressive phase shift sinusoidal signal. The frequency and transmission phase
can be simultaneously tuned by varying resonant frequency of resonators. For experimental validation, a
microstrip line multi-function non-reciprocal filtering phase shifter is designed, fabricated and measured. The
measurement demonstrates a phase shift range of 200° with forward insertion loss less than 4.9 dB and reverse
isolation higher than 30 dB across all phase shift and frequency tuning states. The passband frequency is tuned
from 1.42 GHz to 1.75 GHz, providing frequency tunability range of 330 MHz (i.e. tuning ratio: 1:1.2324), while
maintaining phase shift range of 200° at each frequency tuning state. Furthermore, the measured input and

output return losses are higher than 12 dB for each phase shift and passband frequency tuning states.

1. Introduction

Multi-functional and versatile microwave/mm wave circuits are
highly demanded for next generation RF front-ends (RFFEs) that can
support multiple standards and operation modes while maintaining a
smaller circuit footprint. As bandpass filters (BPFs) occupy significant
portion of the circuit area in RFFEs, there is a growing interest in
developing multi-functional circuits that integrate functionalities of
BPF, variable phase shift, and isolator into single circuit. To integrate
BPFs and tunable phase shifters into single circuit, various concepts and
circuit topologies have been explored in [1-4]. Although numerous
configurations of tunable phase shifter (TPS) [5-12] and bandpass
filtering phase shifters [13-15] have been reported in literatures, inte-
grated bandpass filter and tunable phase shifter (BPF-TPS) designs often
struggle to preserve filtering characteristics while achieving large phase
shift range (PSR). For instance, the work [16] integrates BPF-TPS by
using passive vector summation method. While this configuration ach-
ieves bandpass filtering response along with 320° continuous phase
tuning, it fails to preserve filtering characteristic due to the asymmetry
of the signal paths. Similarly, integrated BPF-TPS is demonstrated in
[17] by controlling external coupling network, however, tunable PSR in

this design is limited to 90°.

In recent years, BPFs with isolator functionality, also known as non-
reciprocal bandpass filters (NR-BPF), have been investigated to facilitate
the unidirectional signal transmission [18]. Various configurations of
non-reciprocal circuits have been demonstrated using different ap-
proaches including magnetically-biased ferrite components [19,20] and
exploiting the inherent non-reciprocity characteristics of transistors
[21-23]. To eliminate the need of ferrite components and transistors in
achieving non-reciprocity, the spatiotemporal modulation (STM) tech-
nique has been explored for designing magnetless circulators [24-26],
and NR-BPFs [27,28] where non-reciprocity is achieved by modulating
resonators with progressive phase shifted sinusoidal signals. Different
topologies and configurations of lumped element and transmission line
NR-BPFs as well as non-reciprocal filtering power dividers have been
demonstrated in [29-36]. While these previously reported NR-BPFs and
filtering non-reciprocal power dividers integrate functionalities of BPF
and isolator, however, their transmission phase cannot be tuned. In
subsequent studies [37,38], integrated non-reciprocal bandpass filter
and tunable phase shifter/attenuator (NR-BPF-TPS/AT) functionalities
have been demonstrated using power divider/combiner, filtering rat-
race coupler, phase shifter, and time-modulated resonators. While
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Fig. 1. (a) Coupling diagram and (b) conceptual frequency response of pro-
posed multi-function non-reciprocal filtering phase shifter using two phase
shift resonators.

these designs successfully integrate functionality of isolator, tunable
phase shifter, and attenuator, these designs lack frequency tunability.
Additionally, these approaches require a large number of tunning ele-
ments and time-varying capacitors for implementing tunable rat-race
coupler and time-modulated resonators. As the number of time-
modulated resonators increases, the required number of signal genera-
tors also increases, which significantly complicates the design of
modulating AC signals circuitry.

Considering limitations of state-of-art, this work presents a detailed
design methodology for a multi-functional phase shifter that simulta-
neously incorporates the functionalities of tunable BPF, continuously
tunable phase shifter, and isolator. These capabilities help to reduce the
footprint of next generation RFFEs by integrating multiple functional-
ities into a single circuit and eliminating the need for separate modules
typically required by RFFEs. The proposed multi-functional circuit can
be used in phased array antennas and MIMO antennas which demand
beam-steering capabilities and high isolation between transmit and
receive modules of RF transceiver.

2. Design theory
2.1. Type 1: Spectral S-parameters of non-reciprocal filtering phase shifter

Fig. 1 shows coupling diagram and conceptual frequency responses
of the proposed multi-functional filtering phase shifter, which consists of
input and output ports (RF port 1 and port 2), three time-modulated
resonators (TMRs), two phase shifting resonators (PRs), and three
non-resonating nodes (NRNs). It should be noted that the characteristics
of both PR (i.e., value of C, and L) are same. The TMR denoted with Ry,
Rp, and Rg consists of time-varying capacitor (Ci(t)) in parallel with
inductor (L) whereas PRs (denoted by R4 and Rs) consist of series
inductor (L;) and capacitor (C,). To achieve isolator functionality, time-
varying capacitors of TMR are modulated with progressive phase shift
sinusoidal signal [27] as defined as (1).

Ci(t) = Co[1 + meos{2afut + (i—1)A¢ } | (@})

where f, is modulation frequency, m is modulation index, A¢ is
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progressive phase shift, and Cy is nominal capacitance at static state
(without modulation). When time-varying capacitor is modulated with
progressive phase shift sinusoidal modulation signal, the intermodula-
tion (IM) products [27,28] are generated. Considering number of har-
monics (i.e. k = -2, —1, 0, +1, +2), the spectral admittance matrix of
TMR can be written as (2).

A2 B2 0 0 0
D' AT B o0 0
=0 Dy A° B 0 &)
0 0 D+l A+1 B+l
0 0 0 D2 A*?

where
1
k _ —
Ak = 27(f +kf,)Co TS (3a)
k mCo _ji_1)ap
B* = 2z(f + kf,,) ¢ 7 (3b)
K MCo ;i 1)a¢
D* = 2x(f +kf,,) Te’ (€]
1 BW
“=arxEw" " 2p G0
k=-2-1,0+1,+2, i=1,273 (3e)

and fp and BW are RF center frequency and bandwidth of filtering phase
shifter at static state (without modulation), respectively. Using coupling
diagram as shown in Fig. 1(a), the spectral S-parameters of the proposed
circuit can be derived as (4).

_ M3, — M2 M3, — A1dz + M2 dods + B

= - (4a)
U TME, + M2 M2, — Jydy — M2 ods + JE,
—M2, + M2 M2, + Ap41 — M2 A3l + jEs
S22 =—5 > A2 5 p (4b)
M12 + M51M23 — Aod1 — M51113/12 +]E4
2M;; M;,My3E
Sy =j—s , 251 12Mp3 52 . (40)
Mi, + M M5; — 4142 — MG Ao45 + JE2
2M; M;,MysE
Si2=j—s ; 251 12Mp3 52 . 4d)
M7, + M; M35, — 424 — M 4342 + JE4
where
E, = Mggll - M521/12 + Mfz/lg — A1 A243 (5a)
Ey = MJ3Ay + M2 Ay + M3, A5 — Aidads (5b)
Es = M3;41-M% Az + M3, 45 — Asdady (5¢)
E,= M§3'11 + Mszﬁz + Mles — Asdady (5d)
_ 4n*f*Caly — 1 +j2afC,  Zo 5¢)
> T am2f2C, L, — 1 — j28fC, Z,
Ms, = Mss = Mg; = Mg = U, Mys = V2U (50

and Z is port impedance of 50 Q and U is identity matrix. In (4) and (5),
the frequency-independent couplings written in bold represent the
spectral scattering at onset of progressive phase shift sinusoidal modu-
lation i.e. Map = Mg U.

Using (4a) and (4b), the relation among coupling matrix values Mg,
Mo, and Ms3 can be found as (6) by setting S1; = Sz = 0.
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Fig. 2. Calculated S-parameters of proposed filtering phase shifter at center frequency according to modulation frequency (f;;) modulation index (m) and progressive
phase shift A¢ = 60°. Coupling matrix values: M5 = 1.70, Ma3 = 0.95, Mg = M;2/Ma3, Mys = Ms; = Mg = 1, and M4 = 1.4142. L; = 2 nH, and C, is varied from 0.4

pF to 10 pF. Phase shift range:> 210°.

My,

M, =
s1 M23

(6)

As observed from (6), the value of Mg; can be easily determined if
M;, and Mg are known. Furthermore, the transmission phase of the
proposed circuit can be written as (7) using (4c).

1 (E2 _ ZﬂfC Z()U
£S,; =tan (=2 ) + 2tan | =L oMT0F 7
21 an <E6) + 2tan (4ﬂ'zfzcv1L1 1 ()
where
Es = M%z +M521 M§3 — Ay — Mx21/12/13 8)

From (7) and (8), the phase shift can be changed by varying value of
C, from C™" to C™. Therefore, the PSR of the proposed circuit can be
written as (9).

2tan’1 2ﬂfC:iaxZQU
4m2f2CmaL, — 1

22fC™"Z,U )

PSRtype—l = 4821 ‘C‘l/riax — 4821 ‘C;riin =
—2tan ' (- Y 20
<47r2f2Cv“‘1‘""‘L1 -1

©)

As can be seen from (9), transmission phase of non-reciprocal
filtering phase shifter can be continuously tuned by varying capaci-
tance from CT"to Cm™, while center frequency of circuit can be tuned by
varying value of C , of time-varying capacitor.

2.2. Modulation parameter selection for achieving non-reciprocal
response

To achieve low insertion loss (IL) in forward direction and high
isolation in backward direction while maintaining the larger PSR, the
modulation parameters (i.e. f;;, m, and A¢) of TMR should be chosen
appropriately. For this purpose, heatmaps data visualization results are
shown in Fig. 2, where color bar represents S-parameter magnitudes
(such as |S11], |S21], |S12| and |Sa2]). In these figures, x-axis represents
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Fig. 3. Simulated S-parameters of proposed multi-function non-reciprocal filtering phase shifter according to different modulation parameters: Case 1: f,, = 1.25 x
BW, m = 2.38 x BW/fy, Ag = 60° and Case 2: f;, = 1.25 x BW, m = 2.62 x BW/fy, Adp = 60°. Coupling matrix values: My5 = 1.70, Ma3 = 0.95, Mg = M;2/Ma3, Mys =
Msy; = Mgg = 1, M34 = 1.4142, BW = 100 MHz, f, = 1.60 GHz. L; = 3.5 nH, and C, is varied from 0.4 pF to 10 pF. Phase shift range: 0° ~ 212°.
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Fig. 4. Calculated tunable frequency response of proposed filtering phase shifter with isolator functionality: (a) S-parameters and (b) transmission phase charac-
teristics (£S21). Coupling matrix values: M5 = 1.70, M3 = 0.95, Mg; = M;2/Ma3, Mys = Msy; = Mg = 1, M34 = 1.4142, BW = 100 MHz, f; = 1.60 GHz. L; = 3.5 nH

and C, is varied from 0.4 pF to 10 pF. Phase shift range (PSR): 0 ~ 212°.

ratio of BW and f;,; whereas y-axis represents ratio of product of m x f,
and BW. For these results, the value of progressive phase shift (i.e. A¢) is
assumed to be 65°. As seen from these results, when BW/f,, ratio in-
creases, the ratio of m x f,/BW should be also increased to get higher
reverse isolation (IX). Larger BW/f;, ratio exhibits higher IX, however
forward IL and output return loss (|Sq2|) are degraded. Therefore, trade-
off performances of the proposed phase shifter should be considered. It
should be noted that PSR is maintained around 210° while sweeping
modulation parameters for data visualization approaches.

Based on observed trends from parametric studies shown in Fig. 2,
empirical relationship between desired design specifications of the
proposed non-reciprocal phase shifter (such as center frequency, band-
width, and reverse isolation (IX)) and modulation parameters can be
established as follows:

fm =1.25x BW (10a)

238 x BW for IX > 20 dB & two null
2.62 OBW (10b)
202X for IX > 40 dB & single null
0
Ad = 60° ~ 65°, (10¢)

where f; and BW are RF center frequency and bandwidth of filtering
phase shifter at static state (without modulation), respectively. These
empirical relationships will provide design guidelines for the proposed
non-reciprocal phase shifter.

To illustrate the trade-off performances, Fig. 3 shows the calculated
S-parameters and forward transmission phase responses of the proposed
filtering shifter using (2)-(8). Based on previously described data visu-
alization approaches, the modulation parameters are chosen as f;;, =
1.25 x BW, m = 2.38 x BW/fy, A¢ = 60° for case 1 and f;;; = 1.25 x BW,
m=2.62 x BW/fo, A¢ = 60° for case 2. Assuming fo = 1.60 GHz and BW
= 100 MHz, calculated S-parameters and forward transmission phase
response are shown in Fig. 3. As seen from these results, larger m exhibits
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Fig. 5. (a) Coupling diagram of the proposed multi-functional non-reciprocal filtering phase shifter type 2 using four phase shift resonators and (b) simulated results
of multi-function non-reciprocal filtering power divider at fo = 1.60 GHz with BW = 100 MHz using four phase shift resonators. Coupling matrix values: M;, = 1.70,
Ma3 = 0.95, Mg; = Mj2/Ma3, Mys = Msg = Mgy = Msy; = Myg = Mgg = 1, and M4 = 1.4142, L; = 0.1 nH, L, = 4.90 nH, C,;: 1 to 4 pF and Cy5: 1 to 10 pF. Modulation
parameters:f;, = 1.25 x BW, m = 2.62 x BW/fy, A¢ = 60°. Phase shift range: > 360°.

high IX (> 45 dB @ f,) with single null, while smaller m exhibits slightly
smaller IX (> 20 dB @ fy) and wider isolation bandwidth with two nulls.
At fo, the forward transmission IL is less than 0.94 dB while input and
output return losses are higher than 24 dB and 11 dB, respectively.
Although the proposed circuit is analyzed without lossy circuits, power
conversion into IM products contributes small forward transmission IL
because these powers are not fully recovered back to fundamental RF
frequency signal [27,28]. The forward transmission PSR of 212° is
achieved by varying C, from 0.4 pF to 10 pF for both cases. Furthermore,
the magnitude response (i.e. |S11], |S22|, |S21], and |S12|) remained same
while tuning transmission phase characteristics.

Fig. 4 illustrates the frequency tunable response of the proposed

\a Yin

LII:
C,

Varac
equivalent circuit

filtering phase shifter. The frequency tunable response can be achieved
by tuning the resonant frequency of the TMR. For these results, the
modulation parameters of circuit are chosen as f;, = 1.25 x BW, m =
2.62 x BW/fy, A¢= 60° to achieve forward transmission IL < 0.94 dB,
IX > 45 dB, input return loss >25 dB, and output return loss >11 dB at fj.
As observed from figure, the passband center frequency is tuned from
1.40 GHz to 1.80 GHz by adjusting resonant frequencies of TMR. The
forward transmission phase is continuously tuned around 212° for each
passband tuning state by varying C, from 0.4 pF to 10 pF.

v

"TMR: R}, Ry, R; |

(a) S %

’ RF port 1

Signal
generators

(b)

Fig. 6. (a) Microstrip line implementation of proposed non-reciprocal filtering phase shifter and (b) photograph of fabricated circuit with experimental setup.
Physical dimensions: W01 = 148, W12 = 068, W23 = 148, W45 =2.38, W34 = 3.9, ng =2.38, L01 = 265, L12 = 31.1, ng = 307, L34 =31.8, L45 = 286, Lsg = 6, L4
=5.5,W; =6.6, W, = 3.3, W3 = 0.5, W, = 2.38, W, = 1.8, L; = 22, L, = 22, L3 = 28, L, = 14, C3 = 3.9 pF, W, = 0.4, L, = 10, C4. = 33 pF, L = 90 nH, and R, = 10
kQ. Co: varactor SMV 1233-079LF, C: varactor SMV1231-011LF. Varactor diode parasitic values: C, = 0.5 pF, L, = 1.9 nH, and, Ry = 1.2 Q. Physical dimension unit:

millimeter (mm).
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2.3. Type 2: Spectral S-parameters of non-reciprocal filtering phase shifter

To further enhance PSR, Fig. 5(a) depicts coupling diagram of type-2
multi-function non-reciprocal phase shifter. Whereas the number of
TMR resonators (i.e. Ry, R, R3) remained same as type-1 structure (refer
to Fig. 1(a)), the number of phase shift resonators has been increased
from 2 to 4. The increase in phase shift resonators provides additional
flexibility to enhance PSR of forward transmission. In this structure,
value of PS resonator 4 and 5 (i.e. R4 and Rs) are same as PS resonator 6
and 7 (i.e. Rg and Ry). The expression of analytical S-parameters remains
same as (4) and (5) except value of (5e), which is given as (10).

_ E; +jEg
Es = E, —JE, an
where
E; = ©*C1CyoliLy — 0*(CyyLy + Ciola) +1 (12a)
Eg = Zo{w*C1Cia(L1 +Lz) —0(C2 + Cy1) } (12b)

Therefore, forward transmission phase of type-2 structure can be
given as (11).

— EZ _ EgU
48y =tan'( =) +2tan”! ( ——
21 an (Eﬁ) + 2tan ( E7 )

As shown in (11)-(12), type-2 structure offers greater flexibility for
enhancing PSR of the proposed multi-functional non-reciprocal phase
shifter by allowing different values of Cy1, L1, Cy2 and Ly.Since TMRs are
same as in the type-1 structure, the modulation parameters of type-2
design can be selected as discussed in previous section.

To demonstrate the frequency response of type-2 structure, Fig. 5(b)
presents the simulated frequency response of multi-function non-recip-
rocal phase shifter at fp = 1.60 GHz. The circuit parameters and mod-
ulation parameters used in the simulation are also shown in Fig. 5(b). As
seen from the figure, the proposed structure achieves the 360° PSR while

13

maintaining low transmission IL and high IX. It should be noted that PSR
of this structure is enhanced from 212° to 360° because increasing
number of phase shift resonators provide more degree of freedom to
control transmission phase of multi-function non-reciprocal phase
shifter. However, it can increase the circuit size and complexity of
circuit.

2.4. Microstrip line implementation of non-reciprocal phase shifter

Fig. 6(a) shows the overall microstrip line implementation of non-
reciprocal filtering phase shifter, which consists of three TMRs and
two-phase shift resonators. As depicted in figure, the coupling Mg; be-
tween the first TMR (R;) and port 1 is implemented using TL with a
width and length of Wq;/Lo;. Similarly, the coupling M, between first
and second TMRs (i.e. R; and Ry) is implemented using TL with a width
and length of Wj5/L;5 whereas the coupling Mys between second and
third TMRs (ie. Ry and Rg3) are implemented through TL of Wa3/Los.
Likewise, the coupling Mys and Ms4 are implemented using TL with
widths and lengths of Wy4s/Ls4s and Ws4/Lsy, respectively. Finally, the
coupling Mg is implemented with Wy/Ly. The couplings that provide
desired the filtering characteristic can be achieved by controlling these
physical parameters. It should be noted that TL length for these coupling
should be designed as quarter-wavelength (1,/4) at midpoint of the
tunable center frequency. As depicted in figure, TMR consists of series of
TLs with width and lengths of W1/ L;, Wa/Ly, W3/Ls, dc block capacitor
(C3), varactor diode with capacitance of Cy. The progressive phase shift
modulation signal is supplied through TL (W3/L3), series inductor L, and
shunt capacitor C. The resonant frequency of time- modulated resonator
can be found by equating imag(Y;,) = 0 as shown in figure.

Fig. 7(a) illustrates the resonant frequency characteristics of time-
modulated resonator for different value of Cy. The other parameters of
resonator are depicted in the figure. As observed from figure, the reso-
nant frequencies can be tuned from 1.40 GHz to 1.82 GHz by varying
value of Cy from 3 pF to 10 pF. Similarly, phase shift resonators consist of
TLs with widths and lengths of Ws/Ls, W,/Ls, Wy/Ly, dc block capacitor
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Fig. 8. Simulated and measured frequency response of proposed multi-function non-reciprocal filtering phase shifter: (a) forward and reverse transmission S-

parameter magnitudes and (b) transmission phase response.

Cqc and varactor diode (C,). By controlling Wy, Ly, and Cy, different PSR
can be obtained as shown in Fig. 7(b).
To achieve flat phase shift characteristics within passband frequency,

Table 1
Summary of measurement results of proposed multi-function non-reciprocal
filtering phase shifter.

Passband center frequency

fo=1.42GHz f,=1.60GHz fo=1.75GHz
fn (MHz) 120 120 120
Modulation Vi (V) 3.20 3.30 3.40
parameters Ag
65 66 64
(Deg)
Vda (V) 0 2.40 5.10
Vaez (V) 0-15 0-15 0-15
]?(;’g‘)" >11.83 >10.75 >10.25
M 1
easured results IL (dB) <456 <410 <377
IX (dB) 27.05-38.77  29.40-34.76  19.88-25.28
PSR
204.18 194.21 193.31
(Deg)

the phase deviation error (PDe) is limited to 415° and results are
shown in Fig. 7(b). As observed from figure, the proposed circuit can
provide maximum PSR of 225° if PDe,, is within +15°. It should be noted
that the proposed circuit can provide PSR higher than 225°, but PDe,, is
worse (> 40°). If small PDe,; is desired, the PSR will be decreased.
Therefore, tradeoff exists between PSR and PDg;.

3. Experimental results

For proof-of-concept, a microstrip line multi-function non-reciprocal
filtering phase shifter is designed and manufactured using Taconic
substrate TLY-5 substrate, which has dielectric constant of 2.2 and
thickness of 0.787 mm. The goals of type 1 structure are to achieve PSR
higher than 200°, forward IL less than 4 dB, IX exceeding higher than 30
dB, while tuning frequency from 1.40 GHz to 1.80 GHz.In this work,
time-varying capacitors (Ci(t)) are implemented by modulating varactor
diode SMV 1233-079LF from Skyworks Inc., while variable capacitors
for PS resonators (i.e. R4 and Rs) are implemented using the varactor
diode SMV 1231-011LF from Skyworks Inc., which provides variable
capacitance ranging from 0.45 pF to 4 pF. The layout and physical
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Fig. 9. Simulated and measured input and output return losses of proposed multi-functional non-reciprocal filtering phase shifter.
Table 2
Performance comparison of proposed non-reciprocal phase shifter with state-of-art multi-functional circuits.
Ref Functionality Frequency FTR PSR (Deg) IL@ fo (dB) X @ fo (dB) TVR Circuit size FT
(GHz) (MHz) 0
[31 BPF + TPS 0.6-0.71 110 (1:1.1833) 320 1.90-3 NA NA 0.196 x 0.098 Y
[4] BPF + TPS* 0.65-0.86 210 (1:1.323) 360 2.20-4.30 NA NA 0.177 x 0.177 Y
[51 TPS** 2.45 NA 360 3 NA NA NA N
[6] TPS 1.50 NA 280 1-2.6 NA NA 0.26 x 0.37 N
[9]1 TPS 2.50 NA 146 1.28 NA NA 0.50 x 0.50 N
[10] TPS 10 NA 190 < 2.40 NA NA NA N
[16] BPF + TPS 1.05-1.30 250 (1:1.2380) 320 3.2-4.10 NA NA 0.9 x 1.10 Y
[17] BPF + TPS 1.20 NA 90 <1.40 NA NA 0.31x 0.27 N
[27] BPF + IS 0.2 NA NA <1.50 20 3 NA N
[28] BPF + IS 1.0 NA NA <4.40 18 3 0.167 x 0.51 N
[29] BPF + IS 0.15 NA NA <1.50 18 3 NA N
[31] BPF + IS 0.57-0.724 154 (1:2701) NA 4.8-6.8 21-35 4 0.104 x 0.095 Y
[32] BPF + IS 1.64-1.97 330 (1:2021) NA 3.94-4.92 20 3 0.36 x 0.36 Y
[33] BPF + IS 1.62-1.94 320 (1:1975) NA 4.30-5.40 > 20 4 0.44 x 0.40 Y
[371 BPF + IS+TPS 0.69 NA 340 5.90-6.90 17 4 0.145 x 0.145 N
[38] BPF + IS+TPS 0.70 NA 360 5.40-6.80 25.4-26.8 6 0.266 x 0.32 N
. BPF + IS 330
This work LTPS 4+ FT 1.42-1.75 (1:1.2324) 198-204 3.77-4.56 19.88-38.77 3 0.79 x 0.53 Y

BPF: bandpass filter, TPS: tunable phase shifter, IS: isolator functionality, PSR: phase shift range, IL: forward transmission insertion loss, IX: reverse isolation, TVR:
number of time-varying resonators, FTR: frequency tunability range, FT: frequency tunability functionality, *: Lumped element implementation, **: CMOS imple-

mentation, 44 guided wavelength at operating center frequency.

dimensions of fabricated multi-function non-reciprocal filtering phase
shifter are shown in Fig. 6(a) and a photograph of fabricated circuit
along with the measurement setup is shown in Fig. 6(b).

To obtain simulated results, a multi-port touchstone file is firstly
generated by performing 3D electromagnetic (EM) simulation using
ANSYS HFSS. This multi-port touchstone file is then exported to Key-
sight advanced design system (ADS) where SPICE models of varactor
diodes [39] are combined with EM results. The equivalent SPICE model
of varactor diodes is shown in Fig. 6(a). Finally, the simulated S-pa-
rameters are obtained through harmonic balance simulation in ADS.

Fig. 8 depicts the simulated and measured forward and reverse
transmission S-parameter magnitudes (|Sz1| and |S12|) and transmission
phase (£S21) results of type 1 multi-function non-reciprocal filtering
phase shifter. A summary of the measured results is provided in Table 1.
As seen from these results, the measured results are well agreed with
simulated results. Although the frequency is continuously tuned, the
figure highlights the results of three specific states of tunable frequency
characteristic centered at 1.42 GHz, 1.60 GHz, and 1.76 GHz are shown
in figure. The tunable frequency characteristics with non-reciprocal
response is achieved by varying dc-bias voltage of varactor diode and
applying progressive phase shift modulation signals. Based on the
experimental results, center frequency is tuned from 1.42 GHz to 1.76
GHz achieving frequency tunable range (FTR) of 20.82% (or 1:1.2324).
Throughout the measured tuning results, the forward IL remained

within 3.77 dB to 4.56 dB, while IX exceeds 38.77 dB. The PSR is higher
than 194.4° for each center frequency. Similarly, input/output return
losses are better than 10.25 dB for each frequency tuning state as shown
in Fig. 9.

Table 2 shows the performances comparison between the proposed
multi-function non-reciprocal filtering phase shifter and state-of-art co-
designed circuits including BPF, TPS, and isolator. As shown in table, the
works [3,4,13,16] achieve a continuously tunable phase shift along with
BPF response. However, these designs lack isolator functionality. On the
other hand, works [26-28,30-32] demonstrate a BPF response with
isolator functionality, but they do not provide continuous tunable
transmission phase characteristics. While works [36,37] offer tunable
phase shifting and BPF responses combined with isolator functionality,
these circuits do not support the frequency tunability. Additionally,
these designs [36,37] require a larger number of time-modulated reso-
nators, which increases complexity in modulation circuitry and number
of required signal AC signal sources. In contrast, the proposed filtering
phase shifter achieves superior performances by offering larger PSR,
frequency tunability range, and well-preserved filtering characteristics,
while using smaller number of time-modulated resonators (only three
time-modulated resonators). Moreover, the proposed multi-functional
filtering phase shifter integrates the isolator functionality with direc-
tivity (|S21//|S12|) exceeding 20 dB in all tuning states, insuring higher
isolation capability.
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4. Conclusion

This work demonstrates a compressive design methodology and
experimental validation of multi-function non-reciprocal filtering phase
shifter that can provide not only tunable phase characteristics, but also
high non-reciprocity in reverse direction. As result, the proposed circuit
can integrate functionalities of phase shifter, tunable bandpass filter and
isolator within same circuit. To insight non-reciprocity within tunable
phase shifter, the analytical S-parameters have been derived and vali-
dated through simulation results. For proof-of-concept, a microstrip line
multi-function non-reciprocal phase shifter is designed, manufactured,
and characterized. The proposed circuit can incorporate with phased
array antennas for simultaneous control of transmission and reception
beamforming characteristics at same operating frequency which can
open doors for new applications in radar, sensing and full-duplex
systems.
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