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Abstract

A wideband tunable balanced phase shifter is achieved by utilizing varactor-loaded coupled
lines (VLCLs)-embedded multistage branch-line structure. The tunable phase shift with low
in-band phase deviation is attributed to the regulation in phase shift of the VLCLs and the
horizontal microstrip lines in series. The wideband differential-mode (DM) impedance match-
ing and common-mode (CM) suppression are due to multiple DM transmission poles and
CM transmission zeros, which are brought about by the cascade of VLCLs and a microstrip
line with short-circuited stubs in the DM-equivalent circuit and open-circuited stubs in
the CM-equivalent circuit, respectively. Compared with the state-of-the-art tunable balanced
phase shifters, the proposed design not only has the advantages of wide operating bandwidth
(BW) with low in-band phase deviation but also has low insertion loss and easily fabricated
structure. Theoretical analysis and design procedure were conducted, resulting in a prototype
covering the frequency of 1.8 GHz. This prototype offers a tunable phase shift capability ranging
from 0° to 90°. The prototype exhibits an operating BW of 45%, with a maximum phase devi-
ation of 4-6°. It also achieves a 10 dB DM return loss and CM suppression, while maintaining
a maximum insertion loss of 2.5 dB.

Introduction

Tunable phase shifters play an important role in modern wireless communication systems such
as phased arrays, beamforming networks, and antenna-feeding networks [1-3] due to their
ability to provide continuous phase shifts. A wideband tunable phase shifter with low in-band
phase deviation is becoming progressively appealing due to its ability to enhance data trans-
mission rates and ensure optimal compatibility. Compared with the single-ended wideband
tunable phase shifter, the balanced design has the additional advantages of easy connection
with other balanced circuits and high immunity to electromagnetic interference. Therefore, the
wideband tunable balanced phase shifter has become an essential component in modern com-
munication systems. However, the CM suppression should be considered while designing the
balanced phase shifters. Thus, wideband CM suppression covering the DM bandwidth (BW)
is the primary challenge of the balanced designs. The other design challenges for a wideband
tunable balanced phase shifter include wideband DM impedance matching, low in-band phase
deviation, low insertion loss, and easy fabrication.

Various wideband tunable phase shifters have been reported, most of which are single-ended
designs [4-15]. Some wideband tunable phase shifters are designed using a 3-dB coupler with
different reflective loads [4-9] or an all-pass topology based on coupled lines and varactors [10].
However, the operating BWs of these designs are around or below 12%. In [11], the variable
odd-mode impedance of parallel-coupled lines is employed to expand the operating BW to
22.2%. This approach can realize the 45° tunable phase shift with a phase deviation of +4.5°.
Reference [12] increases the operating BW to 36% and extends the tunable phase shift range to
360° with a phase deviation of +15° by adding a varactor and an inductor to the terminals of
parallel-coupled lines in the design of [11]. In [13], a multimode resonator is used to achieve
the 360° tunable phase shifter with a low phase deviation of just +-5.5°, while the operating BW
is only 26.1%. To further enhance the operating BW, a power dividing circuit and two 3-dB
hybrids terminated with different circuits are applied to achieve the operating BW of 40% in
[14]. The design provides the 104° tunable phase shift range with a phase deviation of +8.6°.
The above discussion demonstrates that it is still difficult to achieve the wide operating BW, low
in-band phase deviation, and large phase shift range simultaneously in designing the tunable
phase shifter.

So far, a few balanced phase shifters have been reported [16-23]. The approaches utilized
in these balanced phase shifters include coupled lines with loaded transmission lines [16-20],
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asymmetric structure [21], T-shaped multimode resonators with
intermediate cascaded stubs [22], and slotline-based quasi-
Schiffman structure [23]. However, these balanced phase shifters
[16-23] provide discrete phase shift values. To the best of the
authors’ knowledge, only one balanced tunable phase shifter
exhibiting good common-mode (CM) suppression has been
reported [24]. However, the multilayer substrates with defected
ground led to a complex structure, and the in-band phase deviation
is significant.

In this paper, the varactor-loaded coupled lines (VLCLs)-
embedded multistage branch-line structure is used to design the
wideband tunable balanced phase shifter. The proposed design
simultaneously achieves the tunable differential-mode (DM) phase
shift with low in-band phase deviation, wideband DM impedance
matching, wideband CM suppression, low insertion loss, and an
easily fabricated structure. Compared with the authors’ previous
design [18], 0°~90° tunable phase shift and the same circuit used
by the reference and main lines for 0°~90° phase shifters make the
proposed design more suitable for different scenarios. Theoretical
analysis is carried out by the network analysis method. The detailed
design procedure is summarized to guide the practical design.
A prototype is designed and fabricated to verify the theoretical
prediction.

Proposed tunable balanced phase shifter

Figure 1 illustrates the circuit model of the proposed tunable
balanced phase shifter. It consists of three cascaded branch-line
structures that are configured by two horizontal VLCLs (Z,, Z..,
0., C,) at each side, two horizontal microstrip lines (Z5, 05) at the
center, four vertical branches from left to right (Z,,6,, Z,, 0,, Z5, 05,
Z4, 04), two open-circuited stubs (Z;, 6, Z,, 6,,) attached to the
middle of two of the vertical branches, and two differential ports
(ports 1-2). Since the entire circuit is symmetric along the center
symmetrical line, the odd- and even-mode analysis method can be
utilized to predict the DM and CM responses.
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Figure 2. DM-equivalent circuit of the proposed tunable balanced phase shifter.
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DM analysis

It can be seen from Fig. 1 that for the DM operation, a per-
fect electrical wall appears on the symmetrical plane. Thus, the
DM-equivalent circuit can be obtained as shown in Fig. 2. To obtain
the S-parameters of the DM-equivalent circuit, the ABCD matrix
of Fig. 2 is required, which can be expressed as

A B1° T[A B1° T[4 B]° [A B]°
cCD|l |CcD CD CD
MLI1 CL ML2

[ [ [ 0 (1)
A B A B A B A B
CD CD CD CD
ML5 ML3 CL ML4
where
A B’ 1 0
C D]~ |—jcot(0.50,)/2, 1 @
MLm ] * m m
where m =1, 2, 3 or 4.
[A B]u B [ cos 6 jZs sin 65] 3)
C DJ, .. jsinfs/Zs cos 0
[A B]o _ |:le/221 (Z11Zy — lezzl)/zzl] (4)
cD cL 1/ 7, Zy/ Zy
Z11> 215, Zy1, and Z,, can be expressed as
(WC3Zyy — jwC,)(Z2 + Z&4)
—20W*C%Z 157 157,
Zy=2Zp=Zy + - . c122 & Cl; > (5)
(1+jwC,Zy)" + wrCiZi;
2(W2C5chl — jwC,)Z12Z 14
—w?C2Z,5(ZH, + Z2,)
Zyy =2y =Zg3+ - e ;12 6214 > (6)
(1 +jwC,Zy)" + wrCiZi;
chl = *j0'5(Zce + Zco) cot '94: (7)
chz = 7]'0.5(262 - Zco) cot ec (8)
Zez = *j0'5<Zce - Zco) csc 19,: 9)
Zoy = —j0.5(Z;, + Z,) csc 0, (10)
The DM phase shift can be written as
Ap = £851(Cy) — £83(Cyy) (1)

Slj-ld and §;° are DM and CM S-parameters, i and j are the port
numbers, and d and ¢ denote DM and CM, respectively.

The BW for theoretical DM impedance matching can be cal-
culated in MATLAB using Eqs. (1-10). Figure 3 exhibits the vari-
ations of the theoretical BW for 10-dB DM impedance matching
with different C,, Z./Z o, 21, Z5, Z3, 2.4, Z5, 0., 0, 0,, 03, 04, and 0.
It can be seen from Fig. 3(a) that the BW for 10-dB DM impedance
matching decreases with the increase in C,. This is because the
impedance of VLCLs changes with C,, and the impedance match-
ing deteriorates with an increase in C,. Figure 3(b-f) depicts that
the BW for 10-dB DM impedance matching increases at first and
then decreases with the increase in Z_./Z.,, Z,, Z3, Zs, 0., 6, 0,,
03, 6, or 65. Conversely, the BW encounters an initial increase and
then stabilizes when Z, or Z, is increased. Thus, a maximum BW
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Figure 3. The calculated BW for 10-dB DM impedance matching
varies with (a) Cy; (b) Zee/Zco; (€) 21, Z5, Z3, Z4, O Zs; (d) 65 (e) 0,
0,, 03, or 0,4; (f) 05 (C, = 0.3 pF, Z,e = 150 Q, Z,, = 40 Q,
Z,=1109,2,=220,2, =31Q,2, =70 Q, Zs = 43 Q,

0. =53,0,=0,=0;=0,=280,and 65 = 70°).

Figure 4. The calculated DM phase shift properties vary with
different parameters. (a) DM phase shift varies with different AC,,
and the BW for DM phase shift varies with (b) Z.o/Z.; (€) Z1, Z5, Z3,
Z,, or Zs; (d) 6; (e) 0y, 0,, 63, or 0,; (f) 65 (C, = 0.3 pF, Z,e = 150 €2,
Zo=400,2,=110Q,2,=22Q,7Z;=31Q,Z, =70 Q,
Z5=43Q,0,=53,0, =0, =0; =0, =80°,and 05 = 70°).
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Figure 5. CM-equivalent circuit of the proposed tunable balanced phase shifter.

for 10-dB DM impedance matching can be achieved by properly
selecting the above parameters.

Similarly, the theoretical DM phase shift properties can be
calculated using Eqs. (1-11). Figure 4(a) illustrates the vari-
ations of the theoretical DM phase shift with different AC,
(AC, =C,, - C,, Cy; = 0.3pF). It can be observed from Fig. 4(a)
that the DM phase shift increases with the increase in AC, This
is because the electrical lengths of the VLCLs decrease when C, is
increased. Therefore, the tunable DM phase shift can be realized by
varying the DC biasing voltage of the varactors.

Figure 4(b-f) exhibits the variations of the theoretical BW for

Zhang et al.

the BW for DM phase shift. Thus, a maximum BW for DM phase
shift can be obtained by properly selecting the parameters of the
coupled lines and the microstrip lines in series.

CM analysis

For CM operation, the symmetric plane behaves as a perfect mag-
netic wall and the CM-equivalent circuit is depicted in Fig. 5.
Similar to DM analysis, the theoretical CM performance can be
obtained from the S-parameters of the CM-equivalent circuit, and
the ABCD matrix of Fig. 5 can be written as Eq. (12).

ABeiABe A B1° [A B]°
cD|l |CD C D CD

ML1 CL ML2

A B1° [A B1° [A B1° [A B]°
CD CD CD CD

ML5 ML3 CL ML4

where the ABCD matrices of the CL and ML; in Fig. 5 are equal
to the ABCD matrices of CL and ML; in Fig. 2, respectively, and

A B 1
DM phase shift with different Z../Z ., Z,, Z,, Z3, Z4, Z5, 6., 6, 0,, { } = [ ) ] (13)
05, 0,, and 05 under the condition of the phase deviation within C DJ,., jtan(0.50,)/ Z, 1
+6°. Here, if the phase deviation exceeds +6° at the center fre-
quency (fy), the BW of the DM phase shift will be set as zero. It can A B
be seen from Fig. 4(b-f) that the BW for DM phase shift initially =
expands, followed by a contraction with the increasein Z_./Z ., Z, MLZ
inali i Z,sin(0.50,) tan 0
Z4, Zs5,0.,0,, Qz, 03, 64, or 0s. Conyersely, amarginal increase in BW 05(0.56,) — > sin(0.56,) s iZ, sin(0.50,)
is observed with a rise in Z;, while a decrease followed by a nearly 274, (14)
constant level occurs as Z, is increased. Furthermore, it can also be jsin(0. 592 ] c0s(0.56,) tan 6,
found from Fig. 4 that Z ./ Z,, Z5, 6, and 65 have obvious effects on 27, c0s(0.56,)
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The theoretical BW for CM suppression can be calculated from
Egs. (12-15). Figure 6 illustrates the theoretical BW for 10-dB CM
suppression with different C,, Z../Z ., Z1, Z», Z3, Z4, Z5, 6, 6, 03,
0,, and ;. It can be noted from Fig. 6(a), (d), and (e) that the BW
for 10-dB CM suppression initially increases followed by a decrease
with the increase in C,, 0, 0,, 63, 8, 6, 6,,, or 0,. Figure 6(b),
(c), and (f) depict that the BW for 10-dB CM suppression remains
almost unchanged with different Z./Z ., Z,, Z,, or Z,. However,
it decreases with the increase in Z,, Z;, or Z,;, while it increases
when Z; or 05 is increased. Additionally, it can also be observed
from Fig. 6 that Z,, Z;, Z5, and 65 have significant impacts on the
BW for CM suppression. Therefore, Z,, Z3, Zs, and 5 can be used
to obtain the wideband CM suppression.

According to Figs. 3, 4, and 6, it can be found that Z../Z,, Z,,
Z,,and 6_ have significant effects on the DM performance but they
do not impact the CM performance. Therefore, Z_./Z_,, Z,, Z,,
and 6, can be utilized to obtain the wideband DM performance.
However, Z,,, Z,, 6, and 6, only affect the CM performance.
Thus, Z;, Z,, 81, and 6, can be used to improve the BW for CM
suppression without affecting the DM performance. Moreover, the
BWs for DM impedance matching and CM suppression are usu-
ally wider than those for DM phase shift. Thus, the operating BW
is determined by the BW for the DM phase shift.

Design procedure

The theoretical design procedure is summarized as follows:
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12 14 16

Figure 7. The theoretic responses of the case. (a) DM
phase shift with different AC, (AC, = Cy,- C;, Cy; = 0.3
pF). (b) DM S-parameters with different C,. (c) CM
S-parameters with different C,,

Figure 8. Layout of the proposed tunable balanced phase shifter.

(1) Choose varactors according to the required capacitance
range.

Determine Z ./Z.,, Z1, Z5, Z3, Z4, and Z5 for the wide BWs of
10-dB DM impedance matching, DM phase shift, and 10-dB
CM suppression in Fig. 3(b-c), Fig. 4(b-c), and Fig. 6(b-c),
respectively.

Determine 6, 6, 0,, 05, 0, and 6s at f, for the wide BWs of
10-dB DM impedance matching, DM phase shift, and 10-dB
CM suppression in Fig. 3(d-f), Fig. 4(d-f), and Fig. 6(d-e),
respectively.

Determine Z;, Z,, 6, and 6, for the maximum BW of CM
suppression according to the theoretical variations in Fig. 6(d)

and (f).

)

3)

(4)

Theoretic case

A design case with the tunable phase shift range of 0°-90° is
demonstrated. According to Fig. 4, the BW for DM phase shift
can achieve 60%. Thus, the operating BW is set as 60%, while
the BWs for 10-dB DM impedance matching and 10-dB CM sup-
pression can be set as large as possible, such as 80% and 90%,
respectively.
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Table 1. Dimensions of the proposed design (unit: mm)
We e le wy l Wy l W3 l3 Wy ly Ws
0.3 0.12 19.67 0.25 21.15 1.25 19.39 0.54 19.39 1.01 21.15 2.11
ls Wsy lsy Wsy ls S Sc W1 Iy r v We
20.5 0.53 7.25 5] 7.1 0.5 0.6 0.8 1.5 0.2 0.2 2
l wq l; Wg lg Wg ly Lo [pl ley [pZ Wy
1 5 1.5 2 3 5 15.17 1.5 1.8 1 8 1.83
135.0
s dash line: Meas. solid line: Siml_l.
&7l r,=61VC=058pF
= 90.01 ey L]
= “ e N
5 6757 " Phase Shift BW
g 45.0 r/—?}s. P
& I =93V CF04pF
S 22.5¢= K e ok =
Viw= 10.9 V C,= 031 pF
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Veu=20V  C=0.23pF
-22.5 w " " : y y
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Figure 9. The photograph, simulated (Simu.), and measured

solid line: Simu. (Meas.) result-s of.the Proposed design: (a) Photograph. (b)
-40+ " " ; ; ; -40+ T : ! i T DM phase shift with different C, and different V.. (c)
1.0 1.3 16 19 22 25 28 1.0 1.3 16 19 22 25 28 S-parameters for C, = 0.23 pF and Vjjse = 20 V. (d)
Frequency (GHz) Frequency (GHz) S-parameters for C, = 0.31 pF and V,j,s = 10.9 V. (e)
S-parameters for C, = 0.4 pF and Vy,;,s = 9.3 V. (f)
(e) (®

S-parameters for C, = 0.58 pF and Vy;,s = 6.1 V.

According to the design procedure and the targets, the theo-
retic parameters (C,, Z.o/Zco» Z1> 22, Z3y Zy> Zs, Zg1> Zgy, 0.5 01,
0,, 05, 0, 05, 0, and ;) can be obtained as follows: Z . = 143 (Q,

Implementation and results

A prototype working at 1.8 GHz with the tunable phase shift

Z.,=380,0.=53,2,=1100,2,=220,Z,=31Q,Z,=70Q,
0,=0,=0,=0,=80",Z;=43Q,05=70°,Z,, =79 Q, 0, =80°,
Zy =609, 0, =30°,C, o = 0.3 pF, C, 55 = 0.4 pE, C, 45 = 0.52
pE C, 9p- = 0.78 pE. Then the theoretic responses of the case can
be obtained by using the microwave network theory, as shown in
Fig. 7. It can be observed from Fig. 7 that the theoretic responses
agree well with the target performances.
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range of 90° is designed, fabricated, and measured to validate
the proposed method. Figure 8 exhibits the layout of the pro-
posed design, which is a single-layer substrate circuit and is
designed on the substrate of Ro4003C (the dielectric constant
of 3.38, loss tangent of 0.0027, and h = 0.813 mm). The soft-

ware for full-wave simulation is Ansoft High Frequency Structure
Simulated.
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Table 2. Performance comparison with previous works
fy (GHz) Dpmax () Apmax_err () ILmax (dB) RLpin (dB) BW,y (%) BWps (%) BWcus (%) FoM (°/dB) T Type
[5] 2.15 121 N/A 0.72 15 15 N/A N/A 169 Y  Single-end
[6] 2 234 +16 46 12 10 10 N/A 50.9 Y  Single-end
[7] 2 390 +20 4.2 14 10 10 N/A 92.9 Y Single-end
[8] 2 385 +15 1 10.9 10 10 N/A 385 Y  Single-end
[9] 10 190 +10 2 10 10 10 N/A 95 Y  Single-end
[10] 7.2 380 +11 42 9.4 13.9 13.9 N/A 90.5 Y  Single-end
[11] 2.25 45 +4.5 14 6 22 22 N/A 321 Y  Single-end
[12] 2.2 360 +15 3.2 10 36 36 N/A 112.5 Y  Single-end
[13] 172 360 +5.5 3.6 10.5 26.1 26.1 N/A 100 Y  Single-end
[14] 2.5 104 +8.6 1.06 16.5 40 40 N/A 98.1 Y  Single-end
[15] 2.5 147 +5.79 1.28 15.76 20 20 N/A 114.8 Y  Single-end
[16] 1 20 +5.5 0.74 15 80 93 77 N/A N  Balanced
[17] 2 90 +4.8 1.27 13.7 56.6 59.5 275 N/A N  Balanced
[18] 3.5 90 +4.7 0.78 15 83 81 86 N/A N  Balanced
[21] 1.8 90 +3.7 2.4 14.7 53 53 150 N/A N  Balanced
[22] 4 180 +4 0.9 15 67.5 68.5 92.5 N/A N  Balanced
[23] 2.5 180 +4 0.79 10 59 54 100 N/A N  Balanced
[24] 5.2 195 N/A 3.3 N/A N/A N/A 75 59 Y  Balanced
This work 1.8 90 +6 2.36 10 80 57.8 67.8 38.1 Y  Balanced

IL: insertion loss; RL: return loss; BWy: bandwidth for impedance matching; BWps: bandwidth for phase shift; BWcys: bandwidth for CM suppression; T: tunable; Y: Yes; N: No.

The initial dimensions of the proposed prototype are obtained
according to the theoretic parameters given in the section
“Theoretic case”, and the final dimensions are given in Table 1.
Additionally, C,, = 430 pE, Lpgc = 270 nH. SMV2201-040LF var-
actor (0.23-2.1 pF, 0-20 V) is utilized according to the capacitance
range required in Fig. 7. Figure 9(a) shows the photograph of
the proposed design, which was measured by a four-port Agilent
N5230C vector network analyzer.

Figure 9(b-f) illustrates the simulated and measured results of
the proposed design with different values of capacitance of varac-
tors (C,) and DC biasing voltages (V1,,,). During the tuning, C,
increases from 0.23 to 0.58 pF corresponding to the decrease in
Viias from 20 V to around 6.1 V. Hence, a tunable balanced 0°-90°
phase shifter is achieved. The measured BW for 0°-90° DM phase
shift with a maximum phase deviation of 4-6° spans from 1.13 to
2.17 GHz (57.8%). The measured BW for attaining a 10-dB DM
return loss, considering different V;,, spans from 1.35t0 2.31 GHz
(53.3%), exhibiting a minimum DM insertion loss of 1.37 dB.
Moreover, the measured BW for achieving 10-dB CM suppression
across different Vi, values covers the range from 1.25 to 2.47 GHz
(67.8%). The figure of merit (FoM) [8] of this design is 38.1°/dB.
Thus, the operating BW is 1.35-2.17 GHz (45.5%), which is the fre-
quency range simultaneously covering the 10-dB DM impedance
matching, 10-dB CM suppression, and the phase deviation within
+6°. The RMS phase errors and RMS amplitude imbalance [25]
in the operating BW are less than 2.98° and 1.58 dB, respectively.
The measured results align with the simulated results. The mea-
sured insertion losses are slightly higher than the simulated ones,
which may be due to parasitic components of the varactors and
inconsistencies in the implementation.

https://doi.org/10.1017/51759078723001228 Published online by Cambridge University Press

The performances of the proposed design and the state-of-the-
art designs are listed in Table 2. It can be seen from the table
that compared with the single-ended tunable phase shifters in
[5-15], the proposed design has the function of CM suppression
in addition to DM tunable phase shift. Moreover, the proposed
design can provide DM tunable phase shifts compared with the bal-
anced designs with discrete phase shifts in [16-18] and [21-23].
Furthermore, compared with the tunable balanced phase shifter
in [24], the proposed one is a single-layer design with an easier-
fabricated structure and also has the advantages of lower in-band
phase deviation, wider BW for DM impedance matching, and
lower insertion loss.

Conclusion

In this paper, a wideband tunable balanced phase shifter using
the VLCLs-embedded multistage branch-line structure is pro-
posed. Complete theoretical analysis and design procedure are
presented to guide the practical design. A prototype with a tunable
phase shift range of 90° is designed and measured. Experimental
results and comparative analysis validate that compared with
the state-of-the-art tunable balanced phase shifter, the proposed
design simultaneously presents advantages such as a wideband
flat phase shift, wideband DM impedance matching, wideband
CM suppression, low insertion loss, and an easily fabricated
structure. Benefiting from these features, it is believed that the
proposed tunable balanced phase shifter holds the potential to
promote the development of modern wireless communication
systems.
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