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Abstract In this paper, the design challenges of the injection-locked oscillator
(ILO)-based phase shifter are reviewed and analyzed. The key design considerations
such as the operating frequency, locking range, and linearity of the phase shifters are
analysed in detail. It is possible to optimize the phase shifter in certain parameters
such as ultra-low power while meeting the requirements of a certain system. As a
design example, a K-band phase shifter is implemented using a commercial 0.13 um
CMOS technology, where a conventional LC tank based topology is implemented but
optimised with a good balance among power consumption, working range, sensitiv-
ity, and silicon area, etc. Measurement results show that the proposed phase shift is
able to work at 22-23.4 GHz with a range of 180° while consuming 3.14 mW from
a 1.2 V supply voltage.

Keywords Phase shift - CMOS - K-band - Injection locked oscillator -
Voltage-controlled oscillator

1 Introduction

The continuously increasing demands for higher data rate have increased attentions
to phased arrays for nowadays communication systems. At the expense of hardware
complexity, a higher signal-to-noise ratio is achievable in such a system where a
high-performance phase shifter is a key building block to combine multi-phase signals
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effectively [21, 25, 31]. As for circuit implementation, with the rapid progress of sil-
icon based radio-frequency integrated circuits (RFICs), it is possible to implement
a fully-integrated phase-array system with low power consumption by taking the
advantage of the highest level of integration using the CMOS technology [21, 25,
31]. Phase shifters with different topologies such as passive reciprocal networks type
using transmission lines [21, 25, 31], lumped elements networks [2, 17], vector mod-
ulated type [3, 29, 30], and other topologies [18, 24], have been extensively reported.
And recently, many work implemented in advanced CMOS technology, with lower
power or high-frequency operations has been reported in [1, 15, 27]. Unfortunately,
a phase shifter with high frequency, accurate phase control, small silicon area, low
power consumption, low loss variation within the entire working frequency range,
etc., remains a great challenge. The design strategy of a phase shifter should be
determined based on different applications. For example, an active vector modulator
phase shifter exhibits high gain at the cost of high DC power and complexity with
additional digital control circuits. By contrast, passive phase shifters usually exhibit
better linearity without DC power consuming but with a certain insert loss which
requires additional link budget in a communication system. In addition, the passive
components in the passive phase shifter, such as transmission lines occupy a consid-
erably large silicon area, making it less attractive in CMOS fully-integrated system.
The tuning mechanism of the phase shift is another key consideration, vector summer
can only provide certain phase shifts with several-bit of resolution, e.g., a 4-bit 360°
phase shifter in 22.5° steps, using digital switches [27] (e.g., 22.5° for 3-bit opera-
tion, using digital switches). The alternative solution, a continuously varying phase
shifter is able to work at a limited range only. It is therefore not possible to conclude
an uniform solution to a communication system. But considering the rapid progress
of millimetre wave range phase array mobile system with a high level of integra-
tion, it is of a great interest if the phase shifter can be implemented with acceptable
phase accuracy, small silicon area and low power consumption. In this paper, a K-
band phase shifter is presented to meet these requirements. The theoretical analysis
of the phase shift in a LC tank based oscillator is presented, followed by the optimi-
sation of the performance matrix as well as the silicon verification of the prototype
in a commercial 0.13 um CMOS technology.

2 Design Consideration

In a K-band fully-integrated mobile communication system, the silicon area and
power consumption become the major design considerations once the accuracy of the
phase shifter is secured. The passive design is less attractive due to large silicon areas
occupied by the passive devices [21]. The large power consumption and limited reso-
lutions in a vector summer based phase shifter are the major drawbacks. As a design
example, a K-band vector-sum phase shifter with a resolution of 22.5° requires a
total power consumption of 25.2 mW as reported in [23]. Phase shifts based on injec-
tion locked voltage controlled oscillators have been reported as a good candidate to
solve these issues [11, 26]. They has been widely used in designing quadrature (fix
phase of 90°) oscillator [9, 10, 14] or phase shifters [1, 4, 11, 26, 27]. Unfortunately,
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the oscillator is sensitive to process, voltage, and temperature (PVT) variations. The
total linear phase tuning range is thus very limited and unstable. It is therefore of
a great importance to perform a detailed analysis of this topology and to perform
optimizations accordingly.

2.1 Physical Model of the Injection Locked Oscillator

A simplified scheme of injection locked oscillator (ILO) can be modeled as an
oscillator locked to an external signal source, as shown in Fig. 1.

The circuit works as a free running oscillator without an input signal. But the
oscillator will tracks the input frequency at a certain frequency range close to its self-
resonant frequency, which is called injection locking. For an oscillator with the free
running frequency of wg, which is locked in with an input signal Iiy; (at the frequency
of winj), as shown in Fig. 2, the working condition can be derived as follows.

As illustrated in Fig. 3,

Low = Iinj + Losc (1
It is assumed that the angle between Iiy; and Lo is 6 and the angle between Loy
and Iy is @, the relationship between 6 and ¢ can be written as.
Tout _ I inj
sinf  sing

@)

Fig. 2 An oscillator injected by V
Iinj having an output current of DD

Tout

Y
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Fig. 3 The sum of the vectors
of Iinj and Iose is Tou [22]

I. .
sing = —2 sin6 (3)
out
According to Eq. 1,
Iinj Sin 6
sing = L )
120+ 12+ 208 0w fose
When [linj < Iosc , then
I. .
sing = X sing (&)
0scC
Considering Z(w) represents the impedance of the resonance circuit, then
1
Z(w) = j (wL - —) + R (6a)
wC
co2 2 L
= j(o” — wo)g +RL (6b)
Where Ry is the loss of the tank and wy = \/%T is the resonant frequency of the
tank.
Since w is close to wy, so
w? — a)(z) ~ 2w (w — wg) 7
Equations 7 and 6 gives
Z(w) ~2j(w —wo)L + Ry (®)
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Fig. 4 Phase shift created by oscillator injected by a stable oscillation source when Qexi = 10, f = 24
GHz with different Aw

The phase shift ¢ of the tank is given as:

2(w — a)())L)

R C))

@ ~ arctan (
Considering Qext = LR—“;“ to be the external quality factor, Eq. 9 can be re-written

as
~ 2(w — @) Qext

tan ¢ (10)
wo
When Iinj < Iose, @ is small enough to make sing ~ tan ¢,
2(w — I
sinf ~ (0 — @) Qext Mose (11)

o i

The phase shift between injected signal and output, 8 — ¢ ~ 6 (at the extreme case
that ¢ is so small that can be ignored), can now be approximated as

2(w — 1
0 ~ arcsin (W ) ﬁ) (12)
o Iinj

Supposing the injection source is a stable oscillation source, function of 6 is
relevant to wg, Qext and logc.

0~ Fps(wOa Oexts Losc) (13)

The phase shift depends on at least three design parameters. It is possible to change
0, Qext, OF Iosc to obtain the phase shift as suggested in Eq. 13. Given a constant Qex¢
and wo, e.g., Qext = 10 and f = 24 GHz, the phase shift vs. I,s. can be illustrated
in Fig. 4. Moreover, Fig. 5 suggests that phase shift is strongly linear over Iogc/finj if
Aw = w — wy, the frequency shift, is small enough, which suggests that to adjust the
phase shift by controlling /s is a high linearity way.

Unfortunately, the range of phase shift is quite limited in this solution, as illus-
trated in Fig. 4. Likewise, the changing of Qcx(While s and wy is locked) exhibits
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similar characteristic. Tuning wq to change the phase induces the largest phase shift
range, because

I. .
Aw~ =20 T Gng (14)
2Q6XI I()SC
Aw reaches maximum value
wo i
Awmpax = - — (15)
T 2000 Tose
when sin @ = 1, or maximum absolute value
@0 inj
AW.pax = — C— (16)
e 2Qext Iosc
when sinf = —1. [0 + A®-max, ® + Awmax] is the locking range. If wy is able to

reach both lower and upper bound, 180° phase shift can be achieved theoretically.
2.2 Voltage-Controlled Oscillator
2.2.1 General Design Considerations

Supposing the oscillator of the ILO mentioned above is designed as a voltage con-
trolled oscillator(VCO), it is possible to obtain variable phase shifts by changing the
free running frequency of the VCO, wy. Both ring oscillators [1, 7, 13, 28] and LC
oscillators [9, 11, 19, 26, 27] can be possibly implemented as a phase shifter. Con-
sidering the working range of tens of GHz, only the LC tank based VCO as shown in
Fig. 6a is analyzed in this work.

The working frequency of this ILO (Fig. 6b), wy is given as Eq. 17

< Lo Joi Gog s 1)1 (17)
wy)=w - - — . 8in
2Qext Iosc

The major challenge in the frequency tuning of the VCO is the optimization of the
varactor, which has been widely used to change the effective load capacitance in the
LC tank. The strong desire of wide tuning range of capacitance is actually limited by
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(a) A typical LC-VCO. (b) An injection locked LC-VCO.

Fig. 6 Schematic diagram of LC-VCOs

the minimal required quality factor. The sizing of the varactor is thus one of the key
trade-offs. As illustrated in Eq. 14 and [16], a tank with low quality factor, Qex¢, 18
preferred if a larger locking range is desired. However, it is risky to design a low Qext
tank which results in a larger power consumption and poor phase noise performance.

2.2.2 Optimisation of the LC Tank

The key issue in this design will be the optimisation of the LC tank. The operating
frequency and quality factor of the oscillator can be determined as follows.

Considering the tank as a parallel LC circuit, the relationship between the inductor,
the capacitor and the quality factor of the tank, Qnk, can be addressed as (18)

1

Qtank = 1T . 1 (18)
oL Oc
where L
wo
oL = R (19)
! 20
Oc = onCRe (20)

At arelatively low frequency, the Qy is the dominator of the Q.. But at K-Band,
the quality factor of both the inductor and capacitor are important. To achieve a high
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resonant frequency, the Link and the Ciypk of the tank circuit should be determined
as:

1
W)= —F— (21)
~LC
Where L &~ Lk and C =~ %(Cpam_tmal refers to the total parasitic

Ctank Cpara.total
capacitance).

As mentioned in Eq. 14, low Qg results in a larger locking range at the expenses
of large device (Cpara.total) and total power consumption.

According to Egs. 14, 15 and 16, if the minimum VCO working frequency is larger
than the lower bound(or the maximum working frequency is smaller than the upper
bound), the Aw is too small for the sin 6 to reach —1 (or 1), thus shrinking the phase
shift range. Which also means that, to achieve full 180° phase shift, the locking range
needs to be located within the VCO frequency tuning range. In this work, the term
“full 180° range” refers to “the frequency range of the input which can be shifted
180° by the phase shifter” to address this issue. Figure 7a shows how the full 180°
range almost covers the entire frequency range. If the locking range is much larger
and not ignorable, full 180° range will shrink, as shown in Fig. 7b. Assuming a wide
locking range which is even larger than the frequency range as shown in Fig. 7c,
the phase shift generated by this ILO can never achieve 180°. Meanwhile, it can
be concluded that small locking range are more sensitive to tuning voltage (a small
deviation on tuning voltage), which suggest that the large locking range topology
exhibits a higher precision.

By taking the advantage of the unique characteristic of varactor capacitance curve,
fine tuning of phase shift is now possible. Figure 8 shows the C-V curve of the var-
actor used in this work, which has a lower slope at around —0.4 V and higher slope
at around O V. If the injection is just located at the frequency when varactor is biased
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Fig. 8 A typical normalized 1
varactor capacitance curve
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at —0.4 V, the AC/AV is small so that the phase changes smoothly. When Viype is
0V, phase tuning around this biasing condition is the best way to perform a coarse
tuning. It should be noticed that the coarse tuning area exhibits better linearity than
the fine tuning area [27], which suggests that the low AC/AV area may also affect
the linearity or precision.

High-quality factor means higher power efficiency, but it narrows the locking
range down and the phase shifts are more sensitive to control voltage(harmful to the
precision of phase shift). Besides, to maintain a high-quality factor at a given fre-
quency, lumped elements of the circuit should be balanced and properly sized as
suggested in Eq. 21. For example, if MIM capacitors (MIMs) are sized to be smaller
(both capacitance and size) to increase the quality factor, the inductors need to be
larger (usually both inductance and size). If quality factor is lowered to increase the
precision, the power consumption is increased when using larger transistors. The
increased parasitic capacitance that grows with power consumption will also narrow
the frequency range down. Although a narrow frequency range results in a bet-
ter precision, the frequency shift generated by model mismatch and small working
bandwidth are additional issues.

3 Circuit Design

A guideline is therefore summarized to design the ILO based phase shifter with a
good balance among these design considerations.

Step 1. Design a VCO circuit, which covers the desired working range. The quality
factor of the LC tank can be determined subject to different applications.
For example, to have a smaller silicon area, a small inductor without
significant Q decrease is usually preferred.

Step 2. Determine the locking range. One of the three kinds of schemes, which
are shown in Fig. 7, can be selected to set a goal in future quality factor
optimisation. Larger locking range needs lower Q in small signal condition
while smaller one needs higher.
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Step 3. Tank optimization. Since the locking range has been determined, the tank
should be adjusted to achieve the target quality factor. The sizing of both
inductors and capacitors are possible solutions in tuning the tank quality
factor. Higher quality factor usually means smaller inductors or MIMs but
it may cause frequency up-shift. The width and length of each finger of
MOS varactors can be reduced to have higher quality factor at the cost of
narrow scaling range [6, 32]. Considering the large silicon area contributed
by the inductor, a smaller inductor is always preferred, hence the change of
inductors should be at the lowest priority.

Step 4. Circuit optimization. The negative resistance path consumes most of the
power and brings large amount of parasitic capacitance. Back to step 3
once the path changes and repeat this procedure until a satisfied result is
achieved. Offsets of frequency can be set to re-locate the locking range
at the desired frequency range in low AC/AV area at the cost of lower
linearity, as shown in Fig. 7.

As a design example, an injection locked oscillator phase shifter(core of the cir-
cuit) is designed under this guideline. The K-band phase shifter is implemented in
a commercial 0.13 um RF CMOS technology. The schematic is based on the con-
ventional topology shown in Fig. 6b. The input signal is injected at the tail transistor
of the oscillator. Buffers are used to isolate the oscillator from output port, or power
will be drained from the oscillation cycle and the circuit can hardly oscillate. Low
power and small silicon area are the key considerations in this design. The LC tank is
designed to have a mid-frequency range to solve frequency drift problems and with
180° frequency coverage. A high-quality factor is designed to achieve a low power
operation.

3.1 Optimization

The inductor and capacitor should be properly sized to reach the target frequency
at K-band. For example, 0.9 nH L,k need about 1.9 pF Cyk to achieve around
24 GHz. Since the Cypx can be adjust in future without much area consideration and
it is desirable to have a certain margin of potential parasitics, a smaller capacitor is
used in this design.

Equation 14 suggests that both lowering the Qex¢ and increasing the [jyj are help-
ful to enlarge the locking range. However, both solutions increase the /o5 and thus
increasing power consumption [5, 12, 20]. The first and second schemes in Fig. 7
are preferred in this design. These schemes exhibit a slightly lower precision but a

VTune
h |
1IN\ Al

I
Co G G, G

Fig. 9 Varactors are zero biased by blocking DC voltage from negative-resistance path
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lower power (high Q) and full 180° phase shift are achieved compared with the third
scheme in Fig. 7.

Further optimization can be performed as well. The varactors of the tank are shown
in Fig. 9, where Cy are used to keep varactors in zero voltage biasing. Since a mid-
frequency range is chosen to improve the precision, small L varactors can be used
to lower the scale ability. Ratios of Cy and varactors also have related with the scale
ability and quality factor, as illustrated in Fig. 10.

Supposing the capacitor circuit of the tank has a fix maximum capacitance, the
capacitance of Cp should be decreased when the fingers of MOS varactors increase
(W and L remained) and vice versa. This will affect the scaling ratio and Q¢ of
the capacitor circuit. It can be seen in Fig. 10 that ratios goes down as fingers grow
while Q¢ has a maximum value at about 22 fingers. Since neither maximum Q nor
maximum frequency range is the goal of optimisation, the number of fingers can be
determined within [10, 22].

Usually, the negative-resistance path consumes most of the power of the phase
shifter. Reducing the biasing current of the path is an essential way to lower the
power consumption. That means the width or the number of fingers of the transistors
should be kept as small as possible. However, changing the size of the transistor will
have a side-effect, changing the parasitic capacitance. The Cink has to be increased
to maintain desired phase shifts within the same frequency range, since the para-
sitic capacitance has been lowered unconsciously. Besides, considering the efficiency
of signal injection and redundancy of process variations, the path still need further
adjustments.

Based on this design strategy, the parameters of instances of the tank can be
determined as Table 1.

For simplicity, the input network is not perfectly matched to a perfect 50 Ohm
match to save silicon area. In case there is a need of inject efficiency, the matching
work can be added [8].

24 1
22
0.96
g B
:: :
g’ 1.8 0.92 09
3
»n 1.6
0.88
14
1.2 : : : 0.84
10 14 18 22 26 30 34
Fingers

Fig. 10 Scaling ratio (left) and normalized Q¢ of the capacitor circuit (right). The circuit has a fix
maximum capacitance and C¢ vary along with fingers of varactors
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Table 1 Instances of the tank
Varactors Length = 300 nm, Width = 3.3 um,

Number of fingers = 11,
Capacitance = from 37 to 126 fF

Co Length = 25 um, Width = 20 um,
Capacitance = 490 fF
Inductor Radius = 45 um, Turn = 1,

Inductance = 140 nH

VDD
]
M4 M3
RF+ 481300 48p/130n RE-
500
L 140nH
Y'Y Y\

c1 cvt Vrune cv2 c2
'l 1 W I}

Ly 7l
7~126 fF 37~126
490 fF 490 fF

M1

’:‘ 324/130n

64p/130n |——| }—1‘— Vin

Fig. 11 Complete schematic of the proposed circuit
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Fig. 12 Frequency and output power of output signal when Viype from —1 Vto 1 V

@ Springer



1380 J Infrared Milli Terahz Waves (2017) 38:1368-1386

-110 ‘ . ;
¢ 23.8GHz
o 24.0GHz
— -114+ 24.2 GHz|
]’\__l Vv 244 GHz
8
S 118t ]
[0}
(2]
g
-122 ¢ v 1
3 v
®©
<
o o
-126 2 . v - B v 4 ]
g - 4 o
-130 : ‘ :
0 20 40 60 80

Phase [°]

Fig. 13 Simulated phase noise at various frequency at 100 kHz offset

4 Simulation and Experiment Results

In this paper, the complete schematic of the proposed circuit is shown in Fig. 11.
The Viyj is the injection port(also the input port) while the RF+ and RF— is both
connected to the 50-Ohm port. Viyne is used to change the VCO working frequency.
Buffers are added to isolate the core from output port. Under proper DC condition,
the input of the circuit is connected to an input frequency source, the output will
locked in to the input and generate tunable output with certain phase shifts. The pro-
posed circuit is simulated using Cadence Spectre RF with EM extraction of critical
interconnections.

24.0 GHz

: : ‘ ‘ 90
7.7
80
178
-17.9 70
— -18 60 5=
3 ry
5, -18.1 50 @
8 182 T
578 40 o
5 -18.3 <
30 o
< 184 &
185 20
-18.6 10
-18.7 0
-100 -90 -80 -70 -60 -50
Ve MVI

tune

Fig. 14 Related phase and amplitude vs. Viype
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—4—24.4 GHz

195 19  -185  -18  -175
Amplitude [dBV]

Fig. 15 Polar plot of output amplitude vs. phase at various frequency

The circuit is first simulated as a VCO. It can be seen in Fig. 12 that the frequency
increase along with the Viype and has a tuning range of about 1.5 GHz, from 23.5 to
25.0 GHz in periodic steady state (PSS) analysis.

To verify the stability of the phase tuning, post-layout transient simulations at
different operating frequencies and tuning voltages are performed as well. In these
simulations, the amplitude of the injected signal is set to be 550 mV. Figures 13 and
14 implies that with the increase of Viye, phase increases as well, which verifies the
theoretical analysis above. The increase rate of the phase is about 1.3°/mV. In this
case, voltage steps around 8.65 mV can make 11.25° shifts. A polar plot, Fig. 15,

Fig. 16 Die photo of the phase shifter
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(a) Frequency when Viune = —1.2V. (b) Frequency when Viune = 1.2V.

Fig. 17 Frequency range of the VCO

also shows that the output amplitude variation is smaller than 0.5 dBV from 23.8 to
24.4 GHz. As shown in Fig. 13, the phase noise variation is smaller than 8 dB from
23.8 to 24.4 GHz at 100 kHz offset.

The circuit is fabricated using Grace Semiconductor Manufacturing Corpora-
tion(GSMC) 0.13 um RF CMOS technology. Die photo of the circuit is shown in
Fig. 16, which occupies an silicon area of about 540 um x 620 um (including I/O
pads) or about 316 um x 388 um (excluding I/O pads). The on-wafer measurement
is carried out using an Agilent MXA Signal Analyzer N9020A with a Cascade Probe
Station. RF probes are attached to the GSGSG (output) pads on die. All measurement
with a DC power consumption of ILO core of about 3.14 mW with a DC Voltage of
1.2 V. A spectrum measurement is performed at the very first stage. Figure 17 shows
the ILO has a frequency range of 22 ~ 23.4 GHz.

Fig. 18 Normalized data of
phase shift vs. Freq at different
Vlune

Phase [°]

- <
= // 500
22.2 Sy
6 22.28 - 510

Freq [GHz] 22.30 Vigne [MV]
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Fig. 19 Normalized data of phase shift vs. Vi at different frequency

Compared Fig. 17 with Fig. 14, it is clear that the operating frequency and tuning
range of the oscillator reduce considerably. This is due to insufficient EM extrac-
tion of interconnections and inaccurate device model at tens of GHz. The working
frequency in measurement is about 22 to 23.4 GHz with a range of 1.4 GHz.

The S-parameter measurement is on an R&S ZVA67 network analyzer (VNA)
with same Probe Station. RF probes calibrated through the on-wafer 12-term TOSM
calibration are attached to the GSG(input) and GSGSG(output) pads on die. The
measured S-parameters are shown in Figs. 18 and 19.

As can be seen in Fig. 19, with the increase of Vine, phase shift drops and the
range of it is about 180°, almost reach the theoretically maximum range. Compared

Table 2 Phase shifters using ILO method

Tseng [26] Grubinger [11] Wu [27] This paper
Working 13 ~ 15 GHz 14.6 ~ 15.7 GHz 42.75 ~ 49.5 GHz 22 ~23.4GHz
frequency (Input)/ about
30 GHz (Output)
Vad N/A 19V 1V 12V
Phase 179° (best) 280° (after doubler Larger than 180° about
shift range at 30 GHz) 180° (best)
Method Continuous Continuous tuning Discrete Continuous
tuning with doubler tuning
Technology 0.18 um CMOS BiCMOS 65 nm CMOS 0.13 um CMOS
Area 0.45x 0.55mm?>  N/A N/A for single 0.32 x 0.39 mm?
path (w/o pads)
Power 14 mW N/A 55 mW (Core), 3.14 mW
(ILO Core) 35 mW (Auto (ILO Core)
tuning)
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with the simulation results, the locking range is smaller and the increase rate of the
phase is even larger, about 4°/mV. In this case, to be used as a phase shifter, the Viype
should be precisely controlled to achieve desired phase shift, e.g., a high 10-bit DAC
to provide 1 mV steps. Table 2 summarizes the proposed work with literatures, which
suggests the successful implementation of a low power phase shifter with a small
silicon area.

5 Conclusion

An ILO-based phase shifters in K-band with continuous phase tuning is proposed.
Several key design considerations have been analyzed to reach a design strategy
of a low cost and low power operation at K-band. The proposed phase shifter is
implemented using a 0.13 pm CMOS technology. Measurement results show that the
proposed design is able to provide about 180 degree phase shift continuously while
consuming 3.14 mW from a 1.2 V supply voltage.
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