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ABSTRACT This paper presents a reflective-type phase shifter (RTPS) capable of a full 360° phase
shift range with low-loss and compact for 5.47-5.85-GHz WLAN wireless backhaul. Intuitive and concise
analyses of common reflective loads, including single-element single-tunable (SEST), dual-element single-
tunable (DEST), and three-element single-tunable (TEST), are analyzed, elaborating their limitations. The
four-element dual-tunable (FEDT) load technique is proposed to increase the phase shift range. In addition,
the influence factors of phase shift step and insertion loss (IL) are comprehensively discussed. Measurement
results show that the proposed RTPS provides a phase shift range greater than 360°, a phase shift step less
than 15°, and an IL less than 2.3-dB in the entire frequency band. Meanwhile, the size of this RTPS is only
9.5 x 8.2 mm?. Compared to other RTPS, this design has the advantages of low IL, compact size, wide band,

high precision, and easy control.

INDEX TERMS Digital tunable capacitor (DTC), reflective-type phase shifter (RTPS), WLAN wireless

backhaul.

I. INTRODUCTION
Small cell base stations with small size and flexible deploy-
ment have become the mainstream for increasing cell density
in 5G wireless communication. Compared to the point-
to-point link of optical fiber and microwave, the 5 GHz
WLAN wireless backhaul combines the advantages of low
cost, wide band, and non-line-of-sight (NLOS) [1], [2]. How-
ever, interference such as Access Point (AP) is the biggest
challenge for WLAN wireless backhaul, the first step to sup-
press interference is beamforming with multiple phase shift
arrays to generate a large null depth [3], [4]. The application
scenario is illustrated in Fig. 1(a).

As shown in Fig. 1(b), the WLAN wireless backhaul device
with 8 RF paths, and every path has 7 phase shift channels can
provide high channel capacity and interference suppression.
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FIGURE 1. WLAN wireless backhaul applications. (a) Interference
suppression scenario. (b) 4T8R vertical and horizontal dual-polarized
antenna array.
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To achieve the above performance, Besides the wide phase
shift range, the phase shifter should also provide low insertion
loss (IL), small phase shift step, and compact size [5].
Reflective-type phase shifter (RTPS) has the advantages
of low IL, compact size, high linearity, wide band, low
power consumption, and continuous adjustability [6], which
has become an excellent solution and research focus for
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Massive MIMO and wireless backhaul systems. In [7] and
[8], varactor diodes were used as tuning elements of RTPS,
which require high control voltage to reduce IL, the complex
peripheral circuits and high power consumption caused by
high voltage control are the fatal flaws to achieve large-
scale phase-shifting arrays. To simplify the complexity of
control circuits, the digital tuning elements were realized by
RF microelectromechanical systems (MEMS) devices [9],
which have the advantages of low power consumption, but
the large switching time increases the convergence time of
the anti-jamming algorithm for multi-beam forming, and the
5-bit RF MEMS capacitors produce larger phase shift step.
Additionally, the load topology with series and parallel forms
were analyzed in [10], due to the limitation of the number
of tuning elements in the load topology, a phase shift range
of 270° just can be reached. Alternatively, RTPS with a
dual-branch switching network found in [11] and a two-stage
cascade structure found in [12] could achieve a 360° phase
shift range, but the dual-branch and cascading result in an
increase in IL and size.

To address these challenges and meet the demanding
performance requirements of the WLAN wireless backhaul
system, we propose a 5.47-5.85 GHz RTPS using the four-
element dual-tunable (FEDT) load technique to achieve a full
360° phase shift range, low IL, small phase shift step, and
compact size simultaneously. Theoretically, the performance
of popular reflective loads is carried out by a simple geomet-
ric method. Furthermore, a systematic design methodology
of the RTPS using FEDT load topology is developed, and the
Silicon-On-Insulator (SOI) digital tunable capacitor (DTC) is
adopted to derive the methods of reducing the phase shift step
and IL.

Il. PHASE SHIFTER ANALYSIS

A. REFLECTIVE LOAD TOPOLOGY

Fig. 2(a) presents a typical RTPS topology that consists of a
90° hybrid coupler and two identical tunable passive reflec-
tive loads [13], [14]. Considering the 3 dB 90° coupler as
ideal, and the two loads remain consistent (Z;| = Z;» = Z;),
the output phase shift /& and IL of the RTPS can be derived
as

L = /[T +90° IL = —20log (|T.|) (1

where I';, is the reflection coefficient of the reflective loads.
For ideal lossless loads, Z;, = jXi, |I'r| = 1. Simultaneously,
the lossless loads and phase shift range satisfy

(X1 — Z0) [ (X1, + Zo) = /LTt = ¢ 0
then the phase shift ¢ can be expressed as
X} -272 _ -1
ZXLZ() 2x
where x = X1./Zj is the normalized impedance.
For x € [—20, 20], the phase change with load normalized

impedance as shown in Fig. 2(b), suggests that we can get a
360° phase shift range by changing the load impedance.

coty = = ¢=m—2atan(x) (3)
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FIGURE 2. Phase-shifting principle of RTPS. (a) Typical RTPS topology, and
(b) phase changes with load impedance.

The design of load topology is very important for the phase
shift range index of RTPS, there are multiple methods to
adjust the load impedance [15]. Next, we will present several
reported reflective load topologies and analyze their load
impedance tuning range more concisely and intuitively.

The simplest reflective load in an RTPS is single-element
single-tunable (SEST), which includes a single-tunable
inductor or single-tunable capacitor [16]. Fig. 3(a) shows a
single tunable inductor load and its theoretical phase tun-
able range ¢ € (0°, 180°) with load impedance Z; = jwL.
Similarly, Fig. 3(b) shows a single tunable capacitor load
and its theoretical phase tunable range ¢ € (180°, 360°)
with load impedance Z; = —j/wC. The maximum theoretical
phase shift range of SETA is close to 180°. However, due to
the limitation of the tuning range of the adjustable element,
the actual phase shift range will be much lower than the
theoretical value.

To further extend the phase shift range, dual-element
single-tunable (DEST) reflective loads are used in RTPS [10],
which include series L-C loads [Fig. 3(c)] or parallel L-C
loads [Fig. 3(d)]. The load impedance Z; of series L-C is
Jl(@*LC—1)/(wC)] and its theoretical phase tunable range
¢ € (360°, 0°). When w?LC = 1, that is x; = xc, where
x; = oL, xc = 1/(wC), and the series L-C loads generate a
series resonance point where ¢ = 180°. Correspondingly, the
load impedance Z;, of parallel L-C is jwL/(1—w*LC), and its
theoretical phase tunable range ¢ € (4+180°, —180°). When
@?LC = 1, that is X1 = xc, the parallel L-C loads generate a
parallel resonance point where ¢ = 0°. The tunable element
C can be tuned from Cpyj, to Crax, the achievable minimum
and maximum capacitance. Unfortunately, the phase shift of
DEST reflective loads remains <360° because the Cpax/Cmin
can never be 0o in practice. But compared with SEST, DEST
can achieve a larger phase shift range [17].

To further increase the phase shift range, three-element
single-tunable (TEST) has been considered. As shown in
Fig. 4, TEST reflective loads still have only one tunable
element, which can be seen as an extension of DEST. Tak-
ing Fig. 4(a) as an example, the load impedance Z; can be
expressed as

S w?CL — 1
Lo (CF € — PLCC)

“

It can be found that TEST reflective loads only cover one
series resonance point and one parallel resonance point, that
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~Z, + WLy,

FIGURE 3. (a) The theoretical phase shift range for a single tunable
capacitor load, (b) the theoretical phase shift range for a single tunable
inductor load, (c) the theoretical phase shift range for series L-C loads by
tuning C, and (d) the theoretical phase shift range for parallel L-C loads
by tuning C.

is infinite point, which still cannot achieve 360° phase shift
range. However, since the TEST reflective loads cover two
resonance points, under the same Cpax/Cmin radio, a larger
phase shift range can be obtained than DEST reflective loads.
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FIGURE 4. Reflective loads of three-element single-tunable (TEST).

In summary, the phase shift range of a single tunable ele-
ment load topology is less than 360°, which is limited by the
number and tuning range of the tunable element. The RTPS
that uses high-order four-elements dual-tunable (FEDT) as
the load is illustrated in Fig. 5(a), which is an excellent
solution to achieve a 360° phase shift range.

Port 1 Port 2
90°
a1, Coupler L G
I I
Lz Lz
G G
(b)

FIGURE 5. Reflective loads of four-element dual-tunable (FEDT). (a) Load
topology, and (b) phase shift topology.
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The phase shift topology of FEDT is shown in Fig. 5(b),
and the load impedance Z; is given by

i x2Z _j(XLl — Xc1) X (Xp2 — Xc¢2)
Zi+2Zy " (Xpr—Xcr) + (X2 — Xc2)
Further, the normalized impedance of Z; can be expressed as

&)

Zy,

Xp (1 —xc1) X (xp2 —xc2)  Xn @
= — = =— =cot= (6)
Zo  (xp1 —xc1) + (X2 —xc2) X4 2
where
Xp = (xp1 — xc1) X (Xxp2 — xc2)
Xq = (xp1 — xc1) + (xp2 — x¢2) @)

Meanwhile, set Xcmin > X1 > X712 > XCmax, @S shown in
Fig. 6(a). By adjusting C; and C; in sequence, the phase
change passes through the open and short points on the Smith
chart, that is, the phase is changed from +180° to —180°, and
a 360° full-span phase shift range can be achieved.

Axc

Xouin 0% 180° 200 ———————

open short RC) = Cuin

\\}]/: 0 a5 100 Cy: Grin = Cioax
2 = o
»}:'; 0 ¢ Cinin = Cinax
xp [F180° hx”:0 _%
short -100 e
. A C1 = Crax
XCmax Cy: Ciin — Crnax
=0 xe 200
0 S 0 20 40 60 80 100 120 140
XCmax XL1 XCmin

Phase state
(a) (b)

FIGURE 6. 360° phase shift method. (a) Phase shift path, and (b) phase
changes with state.

To ensure a full 360° phase shift range, L; and L, are
designed to generate series resonance with Cpin and Crax

L =1 /(a)(z)Cmin),Lz =1 / (wgcmax) 8)

where wy is the center frequency of the operating band. When
the tunable capacitor is realized by DTC, which has 6-bit res-
olution and 64 capacitance states. As shown in Fig. 6(b), the
360° phase shift range can be obtained by twice adjustments
of C; and Cy:

Step 1: Fix C» = Chin, and adjust C; from Cpjp to Crpax.,
the phase changes from +180° to 0°.

Step 2: Fix C1 = Cpax, and adjust C; from Crip to Crpax.,
the phase changes from 0° to —180°.

If we fix C1 = Cpin and adjust C; from Cpip to0 Crax, the
phase will be fixed at 180°. Consequently, we must follow a
certain order to adjust the capacitance of DTCs.

B. PHASE SHIFT STEP

The phase shift step [Fig. 7(a)] can be obtained by differ-
entiating the phase shift curve in Fig. 6 (b). In addition to
increasing the bit width of DTCs, as depicted in Fig. 7(b),
the phase shift step can also be optimized by reducing Cpax,
adjusting L; and L, to obtain optimal impedance matching
simultaneously. As shown in Fig. 7(c), under the condition of
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constant Cryin, the smaller of Cyax/Cmin results in a smaller
phase shift step. In terms of inductance lines, compared with
perfect matching, smaller or larger inductance lines will lead
to the increasing of phase shift step as illustrated in Fig. 7(d).
Since the inductance lines are not adjustable generally, it is
necessary to ensure that the inductance lines are well matched
with Cpin and Cpax at the center frequency to obtain good
performance for wide bands.

15 25 T
= Coin=0.52pF | = — 5bi
) min’ on .
gn Cra=2.7pF | 320 ColosipE T o

e min=0. —. 7bi
§ 6-bit width g 15 Corax=2.7 pF
= =
2 210} {lin
2 S\
i i 4 : ,: \\ :
0 :

0 20 40 60 80 100 120 140 0 50;

Phase state Phase state
(a) (b)
15 —~ 15
Cuin=0.52pF:, Crax=2.7 \ Cpin=0.52pF ~ — L match
12 | 6-bit width :#} =~ CGnax=2.0 12 - Coux=2.7 pF ... == L- 0.1 pF
M \ — Cun=34 \ 6-bit width [\! —- L+0.1 pF

Phase shift step (deg)
Phase shift step (deg)

0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
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0

FIGURE 7. Influencing factors of phase shift step. (a) The phase shift step
is obtained by differentiating the 360° phase shift curve, (b) the influence
of DTC bits, (c) the influence of DTC Cmax, and (d) the influence of
inductance lines.

C. INSERTION LOSS

Because of the circuits are non-ideal, the performance of
90° coupler (IL, isolation, etc.) and load topology (ESR,
matching, etc.) cause the IL to RTPS. As shown in Fig 8(a),
the phase shift path on the Smith chart does not move along
the lossless ring. Particularly, the ESR of load is the key to
affecting the IL of RTPS.

— Lossless —
--- Lossy

FIGURE 8. Load topology and phase shift path considering ESR. (a) The
phase shift path of lossless and lossy topology, and (b) the ESR of load
topology.

As shown in Fig 8(b), when Z;1 = Z¢1 and Zp» = Zc¢»,
the load topology has a series resonant point, according to
formula (8), the C; = Cpin and Cr» = Cpax. Therefore, the
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impedance Z; of the load topology can be expressed as
Rk
R +R

Based on formula (1), the IL is smallest at the series
resonance point, but when C| = C;p, the phase of RTPS is
nonadjustable.

When Zy1+c1 = —Z12+c2, the load topology has a parallel
resonance point, the relationship of C7 and C; can be given
by

C))

ZL

1 n 11 n 1

C 1 C2 Cmin Cmax
Let C1 = Cmax and C2 = Chin, the load Zj, can be expressed
as

(10)

(Spuntm) + Bt o 4 iR,

7 = (11

R+ Ry

From (11), the bigger the value of Cyax/Chin, the closer
|Zy,| gets to positive infinity, which effectively increases the
Q of the parallel resonance and results in a smaller IL.

Compared with RF MEMS, RF SOI has higher reliability
and faster RF path switching time, this paper adopts 6-bit RF
SOI DTC as the tunable elements. As shown in Fig.9(a), the
tuning range of this DTC is about 0.52-2.70 pF at 5.66 GHz,
which has 64 states with a step of 34.6 fF. The ESR of
the DTC is about 0.93-0.33 2, which decreases with the
increase of capacitance. Substituting the capacitance and ESR
parameter of RF SOI DTC into formula (2), the 2D color plot
of |T'z | is obtained, which is presented in Fig. 9(b). According
to the configuration order of Cy and C,, two IL curves are
depicted in Fig. 10(a). Although the blue dashed line has
better IL performance and has a series resonance point with
the smallest IL, combined with the previous analysis of phase
shift range, the phase cannot be changed in this traversal
method. Hence, we can only adjust C; first, then C,, to get
the IL curve of the red solid line.
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FIGURE 9. (a) Tuning range and ESR of DTC. (b) The 2D color plot of |T'L|
changes with C; and C,.

Furthermore, except for the ESR of DTC [see Fig. 10(b)],
the Cax and the impedance matching of inductance lines also
have a great effect on IL. As depicted in Fig. 10(c) and (d),
to get a smaller phase shift step, Crax/Cmin should be small,
but the smaller the Crax/Cmin, the larger the IL. Therefore,
we should make a compromise between the phase shift step
and IL to choose the optimal capacitance range.
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TABLE 1. Comparison between the proposed design and previous works.

Ref. Freq. (GHz) Substrate Phase shift range (°) | Phase shift step (°) | IL (dB) | *FoM (°/dB) | Size (mm?) Tuning mode
[7] 1.9-2.1 N/A >360 N/A <5.8 >62 56%30 Voltage (0-5 V)
[8] 5.6-6.0 Roger 6002 >270 N/A <3.5 >77 24x21 Voltage (0-20 V)

[9] 1.9-2.1 Rogers 4003 >325 <25 <3.3 >98 28%30 Digital (5-bit)
[10] 2324 FR4 >270 N/A <4.5 >60 20x10 Voltage (0-20 V)
(11] 2.35-2.55 Rogers 6010 >360 N/A <15 >48 20%23 Voltage (0-9 V)
[12] 3.45-3.55 FR4 >345 N/A <11.2 >30 70%60 Voltage (0-5 V)

This work | 5.47-5.85 Rogers 4350 >360 <15 <23 >156 9.5%x8.2 Digital (6-bit)

*FoM = maximum phase shift (in degrees)/maximum insertion loss (in dB)

2
—C ﬁrst
s — =, first
o
21 Series
=] resonance point
0.5 o
W - mmm =2 e
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Phase state Phase state
(@ (b)
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) 1 o
m L5 = L5 N
= / =
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0.5 0.5¢ —— L-0.1pF
N Cux=3.4 F oL LHOIpF
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Phase state Phase state

© (d)
FIGURE 10. Influencing factors of IL. (a) Traversal priority of two DTCs,

(b) the influence of ESR, (c) the influence of DTC range, and (d) the
influence of inductance lines.

. 1,
2~ EEEEEEEEEDEE

FIGURE 11. Design diagram of RTPS.

Ill. DESIGN AND MEASUREMENT RESULTS

The phase shifter is built on a Rogers 4350 substrate with
h = 20 mil, &, = 3.48, and tan § = 0.0037. Moreover,
the inductance lines are realized by microstrip lines that
Ly = 152 nH and L, = 0.29 nH at 5.66 GHz. Advanced
Design System (ADS) is used for optimization and simula-
tion, to ensure RTPS can reach a 360° phase shift range in
the full frequency band of 5.47- 5.85 GHz. The final RTPS is
shown in Fig. 11.

Fig. 12(a) demonstrates the measured phase shift range
for the entire frequency band by twice adjustments of C;
and C,. Due to a large number of states, we present test
data at high, medium, and low frequency points in more
detail in Fig. 13. The measured results of the phase shift
change, phase shift step, and IL of RTPS are shown in
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FIGURE 12. Measured phase shift versus frequency. (a) All phase states,
and (b) select phase state to achieve about 11.25° equally spaced phase
shift step.
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FIGURE 13. The measured and simulated data of RTPS. (a) The measured
data of phase change. (b) The measured data of phase step. (c) The
measured data of IL. (d) The measured and simulated results of phase
shift range.

Fig. 13(a), (b) and (c) respectively. At the edge frequency
that 5.47 GHz and 5.85 GHz, IL and phase-shift step both
display dispersion phenomenon, which is consistent with the
theoretical analysis of the impedance matching of inductance
lines. In the entire frequency band, the phase shift step is
less than 15°, and the IL is less than 2.3 dB. As shown in
Fig. 13(d), there is excellent agreement between measure-
ments and simulations in the phase shift range. Combining the
results of phase shift range and phase shift step, a 360° high-
precision phase shifter with about 5-bit equally spaced phase
shift step (about 11.25°) can be realized [see Fig. 12(b)].
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Table 1 shows the comparison of this work and RTPSs
found in the literature. Obviously, this work has the advan-
tages of large bandwidth, large phase shift range, small phase
shift step, low IL, and high integration simultaneously.

IV. CONCLUSION

This paper presents a full 360° RTPS with low IL and high
integration using the FEDT load technique. The major factors
that affect phase shift range, phase shift step, and IL have
been analyzed by a simple geometric method. Measurement
results show that the proposed phase shifter has a 360° phase
shift range with 2.3 dB IL, 11.25° phase shift step, and
only 9.5 x 8.2 mm? at the WLAN frequency band from
5.47 to 5.85 GHz, which can meet the demands of the WLAN
wireless backhaul applications completely.
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