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Comparison of Injection-Locked and Coupled
Oscillator Arrays for Beamforming

Yu-Tsung Lo and Jean-Fu Kiang

Abstract—Injection-locked oscillator arrays (ILOAs) and cou-
pled oscillator arrays (COAs) are analyzed using Adler’s equation,
and their performance to drive phased arrays for beam-steering is
compared. The Monte Carlo simulation results indicate that COAs
render smaller beam-pointing error when the locking range of os-
cillators is narrow (high @), while ILOAs render smaller beam-
pointing error when the locking range is wide (low Q). An ILOA
with a frequency tripler connected to the oscillators’ output is de-
signed to increase the achievable range of inter-element phase shift,
and a chip is fabricated in the TSMC 0.18-pzm CMOS technology
to verify the design concept, with the measured maximum phase
shift around 240°.

Index Terms—Adler’s equation, beam-steering, coupled oscil-
lator array (COA), frequency tripler, injection-locked oscillator
array (ILOA), Monte Carlo simulation, mutual locking, quality
factor, voltage-controlled oscillator (VCO).

I. INTRODUCTION

HE OUTPUT power of oscillators can be combined via
T a power-combining network before feeding the antenna
elements [1]. Spatial power combining is an alternative way
to combine the output power of all the oscillators with proper
synchronization [2], which can be implemented using injec-
tion-locked oscillator arrays (ILOAs) or coupled oscillator ar-
rays (COAs) [3]. A linear phase progression over the oscilla-
tors can be obtained by tuning the free-running frequencies of
these oscillators [4]. Such oscillator arrays can be used to con-
duct beamforming by serving as the local oscillators (LOs) [5]
or by directly feeding the antenna elements [6], [7].

In a typical ILOA, each oscillator is independently controlled
by adjusting its free-running frequency. All the oscillators in an
ILOA are locked via an external injection signal to oscillate at the
desired frequency. The output phase of each oscillator, relative
to the injection phase, is determined by the difference of its
free-running frequency and the frequency of the injection signal.

In a typical COA, all the oscillators are connected via a cou-
pling network. The phase progression over the oscillators is
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achieved by tuning the free-running frequencies of the oscilla-
tors at both ends [8], or changing the phase difference between
these two oscillators via phase shifters [9].

The behaviors of ILOAs and COAs can be predicted from
the governing equation of nonlinear oscillators [3]. The Adler’s
equation [10] has been used to relate the output phase of an
oscillator to the phase of the injection signal, which can also
be used to model the behavior of ILOAs. Since the maximum
achievable phase difference of the two end oscillators in an
ILOA is +90°, the progressive phase difference of an N-el-
ement ILOA is restricted to 180°/(N — 1). Adler’s equation
has been applied to analyze COAs as well. Both ILOAs and
COAs have been implemented, including a 4-GHz ILOA with
GaAS MESFET oscillators [11], an ILOA implemented as a
quasi-real-time spectrum analyzer [12], a three-element COA
with optimal coupling phase [13], and a four-element COA with
a maximum beam-steering angle of 10° at 10 GHz [14].

The free-running frequency of a voltage-controlled oscillator
(VCO) may deviate due to variations of process, supply voltage,
and temperature. Such frequency deviations will affect the per-
formance of ILOAs and COAs, which will in turn affect the
beam-pointing accuracy of the phased arrays they drive. In this
work, a Monte Carlo technique is applied to estimate the beam-
pointing errors due to deviation of the VCOs’ free-running fre-
quency. The beam-pointing errors of ILOAs and COAs are com-
pared under high @ and low ¢ condition, respectively. In addi-
tion, an ILOA chip is implemented to verify the predicted results.

In Section II, the Adler’s equation and its extension to
govern ILOAs and COAs are briefly reviewed; a fourth-order
Runge—Kutta method is used to solve these equations for
the time evolution of instantaneous frequency and phase. In
Section III, a Monte Carlo technique is applied to simulate
these arrays under low @ and high @ condition, respectively.
In Section IV, a chip implementation of the ILOA is presented
and the measured results are compared with the prediction.
Finally, a conclusion is drawn in Section V.

II. TRANSIENT BEHAVIOR OF ILOAs AND COAs

Fig. 1(a) shows the configuration of an ILOA. The free-run-
ning frequency of each VCO is adjusted by tuning its control
voltage. By injecting a common signal, VCOs falling within the
locking range will be locked. The relative phase shift of each os-
cillator can be controlled by tuning its free-running frequency.
Note that the difference between the injection phase and the re-
sulting phase of an oscillator can also be obtained with proper de-
sign of VCOs and the coupling network among them [15], which
is equivalent to tuning the oscillator’s  factor and the injection
strength. In this work, we will focus on tuning the frequency.
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Fig. 1. Configuration of: (a) ILOA and (b) COA.

Fig. 1(b) shows the configuration of a COA without any ex-
ternal injection signals. For a 1-D array, each oscillator is cou-
pled to its adjacent one or two neighbors, and the coupling to
farther oscillators is neglected. A linear phase progression over
the array can be achieved by tuning the free-running frequen-
cies of the two end elements.

The free-running frequency of each oscillator in an ILOA
needs to be tuned. As for a COA, only the two outmost oscil-
lators need to be tuned, and the free-running frequencies of the
other NV — 2 oscillators are maintained the same as the target
frequency.

A. ILOAs

The behavior of an ILOA, within the locking range of the
oscillators, can be modeled using Adler’s equation as [3], [10]

dbm
dt

Wo,m Im]
20 1,

where winj and ¢y are the injection frequency and injection
phase, respectively; wp ., and ¢,, are the free-running fre-
quency and output phase, respectively, of the mth oscillator;
Iin; and I, are the injection amplitude and the free-running
amplitude, respectively. The derivation of Adler’s equation
based on the phasor diagram can be found in [16]. In [8], two
differential equations governing the amplitude and phase are
derived from the physical model of oscillators, and the Adler’s
equation is the special case when the amplitude variation is
neglected.

The instantaneous output frequency, w,,,, of the mth oscillator
can be represented as

n(dm — ding) (1)

= Wo,m — Winj —

dbm
dt

Wo,m Ian

2Q IIYL

When w,, is locked to the injection frequency, winj, (1) implies
d¢m/dt = 0. The output phase of the mth oscillator relative to
the injection phase can be controlled by the difference between
Winj and wg . At the steady state, the phase difference becomes

$bm — Ginj = sin”~ (€))

Wy = Winj + = Wo,m — (¢m ¢inj)' (2)

1 Wo,m — Winj

AUJL
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Fig. 2. Time evolution of: (a) instantaneous frequency and (b) phase difference
with respect to the first oscillator of an 11-element ILOA.

where

wWo,m Iinj
2Q Im

is the locking range, which is the maximum allowable frequency
difference between w,,, and wiy;.

Equation (3) implies that the phase shift after injection
locking is restricted to the range —90° < ¢, — din; < 90°.
For an N-element ILOA with linear phase progression, the
free-running frequency of each oscillator is tuned to achieve
a constant inter-element phase difference, a, = ¢.,, — @m+1,
with m = 1,2,..., N — 1. Hence, the maximum allowable
inter-element phase difference becomes 180° /(N — 1).

Fig. 2 shows the transient response of an 11-element ILOA
by solving (1) with the fourth-order Runge-Kutta method [17].
The quality factor of oscillators is ¢ = 10, and the injection fre-
quency is 10 GHz. Each curve in Fig. 2(a) shows the time evo-
lution of instantaneous frequencies of all the oscillators. Each
curve in Fig. 2(b) shows the phase differences of all the oscilla-
tors with respect to the first one. The oscillator with free-running
frequency falling within the locking range will be locked to the
injection frequency of 10 GHz.

The injection frequency is set to 10 GHz. The two outmost
oscillators are tuned apart from 10 GHz by £0.99Aw; ., respec-
tively, leading to a phase difference of 164° between these two
oscillators. The maximum inter-element phase difference of this
11-element ILOA is 16.4°. By substituting an integer multiple
of this phase difference into (3) one step at a time, the free-run-
ning frequencies of the other NV — 2 oscillators can be obtained.

The maximum inter-element phase difference is about 16.4°
by simulation when 99% of the locking range is used, compared
with the theoretical value of 18° when the full locking range is

AwL -

“
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used. Here we choose 0.99Aw;, instead of Awy, in the simula-
tion because the initial condition of wg », = winj = Awy, leads
to a numerically unstable solution.

B. COAs

Consider a linear COA of N elements, the instantaneous fre-
quency of the mth oscillator is affected by the other N — 1 os-
cillators, and can be modeled by a generalized Adler’s equation

as [8], [18]

D,
dt

= Wo,m —

N
ZQ g ——sin ‘f,mn + wm ¢n) (5)

where 9, and wo,, are the instantaneous phase and the free-
running frequency, respectively, of the mth oscillator; £,,,, and
&mn are the amplitude and phase, respectively, of the complex
coupling coefficient between oscillators n and m. If all the os-
cillators are uncoupled, (5) is reduced to a set of independent
oscillators, with the free-running frequency of the mth oscil-
lator being wp ., .

Note that 1/, in (5) is the instantaneous phase of oscillator
m, while ¢,, in (1) refers to the phase of oscillator m with re-
spect to the injected signal. Hence, the instantaneous frequency
is dipy, /dt = wy, in (5), and is win; + d¢pp, /dt in (1). In the
steady state, all the oscillators of a COA within the locking range
are locked to a common frequency w;. In comparison, all the os-
cillators within the locking range of an ILOA are locked to the
injection frequency.

Consider the special case of N = 2, with 15 = 1, &5 = 0
and 11 = 0. By substituting di),, /dt = d,, /dt + wip; into
(5), the Adler’s equation in (1) is obtained.

Take another example, by setting &,,,,, = 27 in (5), a con-
stant phase progression can be acquired by tuning the free-run-
ning frequencies of the two end oscillators, one up and the other
down, and tuning those of the other oscillators to wy ., = ws
with2 <m < N —1[8].

Equation (5) has been studied using a perturbation analysis
[8], which concludes that the inter-element phase difference is
restricted to the range —90° < Ay < 90° when &,,,, = 0°.
If the COA is used to feed a linear N-element antenna array
at a uniform spacing of half wavelength, the major lobe of the
radiation pattern will cover =30° about the broadside direction.

Fig. 3 shows the transient response of an 11-element COA,
by solving (5) with the fourth-order Runge-Kutta method. The
coupling phase between two nearby oscillators is &,,, = 27.
The two outmost oscillators are tuned apart from 10 GHz by
+0.99Aw ,, respectively, and the other oscillators are tuned to
10 GHz. Each curve in Fig. 3(a) represents the instantaneous
frequency of an oscillator. Each curve in Fig. 3(b) represents the
phase difference between the mth oscillator and the first one.
The oscillators with free-running frequency falling within the
locking range are locked to a common frequency of 10 GHz.
The maximum inter-element phase difference is about 81.8°,
which is much larger than that of an ILOA.

Take a closer look at Figs. 2(a) and 3(a) in the early stage of
the locking process. For the COA, the instantaneous frequen-
cies, wy, with 2 < m < N — 1 are first pulled apart and then
locked (synchronized) toward the desired frequency, ws. As for
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Fig. 3. Time evolution of: (a) instantaneous frequency and (b) phase difference
with respect to the first oscillator of an 11-element COA.

the ILOA, all the instantaneous frequencies drift toward the in-
jection frequency from the beginning.

III. SIMULATIONS ON BEAM-POINTING ERROR

The free-running frequency of each oscillator usually devi-
ates from its designed value, which can be characterized by
a standard deviation o¢. Such frequency deviation is different
from the short-term phase noise attributed to thermal noise or
flicker noise, and will cause little problem to typical commu-
nication systems as long as its rate of change falls within the
bandwidth of the phase-locked loop (PLL) [19]. However, such
frequency deviation will cause a beam-pointing error of a linear
antenna array driven by the oscillator array. A specific circuit
[20] has been designed to compensation for the frequency devi-
ation.

In this section, the Monte Carlo technique is applied to sim-
ulate the beam-pointing error of a linear antenna array driven
by the oscillator arrays operating at 10 GHz. A total of 5000
realizations are generated. In each realization, the free-running
frequency of each VCO is assigned on a Gaussian distribution,
which is then substituted into (1) and (5) to analyze the transient
behavior of an ILOA and a COA, respectively.

In practice, the oscillator amplitude varies with the free-run-
ning frequency within the tuning range. Hence, the Monte Carlo
simulation is restricted to the in-phase condition, with the free-
running frequency of all the oscillators set equal.

The fourth-order Runge-Kutta method [17] is used to solve
these nonlinear differential equations. If any of the oscillators
in an array fails to lock into the target frequency of 10 GHz,
within 1-MHz frequency deviation, the associated realization
is claimed as an unlock case. The probability of lock, Fj,ck, is
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Fig. 4. Probability of lock of 11-element ILOA (dark bar) and COA (grey bar),
under in-phase condition: (a) @ = 62.836 and (b) @ = 10.

TABLE 1
SIMULATED BEAM-POINTING ERRORS WITH @ = 62.836

of(MHz) | N| COA[26] | COA (this work) | ILOA (this work)
(@) | aa(®) | (O)C°) | ap®) | {B)(°) | aa(®)
100 5 —0.006 3.08 011 3.86 0.29 14.99
80 7 —0.051] 2.84 0.09 33 —1.03 | 13.04
50 11| 0.017 2.17 0.05 23 —0.38 | 7.85
50 15| 0.017 2.46 —0.06 | 2.33 —0.12 | 9.44
TABLE II

SIMULATED BEAM-POINTING ERRORS WITH @ = 10

of(MHz) | N | COA (this work) ILOA (this work)
(8)(°) ap(°) (O)(°) ag(°)
100 5 —=0.017 | 0.59 0.009 0.59
80 7 | 0.016 0.49 0.030 0.35
50 11| —0.012 | 0.35 0.005 0.14
50 15| —0.012 | 0.37 0.002 0.11

defined as the ratio between the number of locked cases and the
total number of realizations.

Fig. 4 shows the probability of lock of an ILOA and a COA,
respectively, each having 11 elements. The probability of lock
decreases as o is increased, under a given a; and it also de-
creases as « is increased. As was discussed in Section II-A,
the maximum allowable inter-element phase difference is a, =
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Fig. 5. Simulated standard deviation of beam-pointing error, og, of: (a) ILOA
and (b) COA withrespectto oy. @ = 10, — N =5, — — — N =11.

180° /(N — 1), which is achieved by pushing the two end os-
cillators to the limit of their locking bandwidth. For the ILOA,
the largest a, is obtained when the free-running frequencies of
the two end oscillators are tuned to 0.99Awy, and —0.99Awy,,
respectively, off the target frequency; while those of the other
oscillators are interpolated between these two frequencies. For
the COA, the largest «, is obtained when the free-running fre-
quencies of the two end oscillators are tuned to 0.99Aw- and
—0.99Aw, respectively, off the target frequency; while those
of the other oscillators are set to 10 GHz. The P, of the ILOA
is higher than that of the COA since the former benefits from an
external injection signal.

Consider an N-element linear antenna array arranged along
the x-axis with a uniform spacing of d = A/2. The array factor
of the radiation pattern can be derived as [21]

N
F(G) — Zej(p—l)(kdsinﬁ-o_z) (6)

p=1

where %k and @ are the wavenumber and the zenith angle, re-
spectively, a,, is the inter-element phase difference of the array,
which is the same as that of the driving oscillator array. After all
the oscillators are locked (in ILOA) or synchronized (in COA)
to 10 GHz within 200-kHz bandwidth, the phases of the oscil-
lators are taken to calculate the array factor.

In the simulation, the main beam is steered to the broadside,
with «, = 0. Again, the Monte Carlo technique is applied to
estimate the beam-pointing error and its standard deviation of
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Fig. 6. Overlay of array patterns using 20 realizations of ILOA output phases,
N =11, 64 = 50 MHz, and Q = 10.

TABLE III
COMPARISON OF ILOAs AND COAs

array type ILOA COA

mechanism injection locking on | mutual coupling be-
each oscillator tween oscillators

governing Adler’s equation generalized  Adler’s

equation equation

control all oscillators l(w}o end oscillators

1

coupling net- | not required required

work

external sig- | required not required

nal

probability of | higher lower

lock

o of beam- | larger smaller

pointing error

(at high Q)

o of beam- | smaller larger

pointing error

(at low Q)

maximum 180°/(N — 1) 90°

inter-element

phase

difference

the array factor. Define the mean value of the beam-pointing
error as

1
0) = 5—>_ 0 %)

s=1

where Ny, is the number of realizations in the Monte Carlo
simulation, and 65 is the zenith angle of the simulated major
lobe in the sth realization. Similarly, the standard deviation of
the beam-pointing error is defined as

1 &=
7=\ 37— 26— (0 ®)
mc s=1

Next, linear antenna arrays driven by ILOAs and COAs, re-
spectively, are compared in terms of the beam-pointing error.
The beam-pointing error is estimated on the locked cases. The
quality factor of oscillators ranges from 10 to 20 in the X- and
Ku-band [22]. Enhanced with a bond-wire inductor, the quality
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factor of oscillators on a CMOS substrate has been increased
to over 50 in the X-band [25]. Hence, we choose ¢ = 10
and 62.832 in the simulations. From (4), the locking range is
500 MHz if ¢ = 10, and 79.577 MHz if ) = 62.836.

Table I lists the simulated beam-pointing errors with the
quality factor of each oscillator equal to 62.836. The stan-
dard deviation ¢ is chosen to be the same as in [26] for the
convenience of comparison. Zhang et al. reported that the
free-running frequency of a ring oscillator array at 1.3 GHz
can be self-calibrated within a standard deviation, which is
2.79% of the center frequency [23]. Nogi et al. reported that
oscillators with an average oscillation frequency of 12.45 GHz
have a maximum deviation of 15 MHz [24].

The results of COAs match reasonably well with those in
[26]. We then further adopt our numerical solver to analyze
the case of the ILOA. It turns out that when ¢ = 62.8, the
standard deviation, oy, of COAs is lower than that of ILOAsS.
Table II lists the simulated beam-pointing errors with ¢ = 10.
The standard deviation, o4, of COAs is larger than that of
ILOAs. These results imply that the synchronization of a COA
demands high-@Q oscillators to achieve better beam-pointing
performance. If low-@Q oscillators are used, using external
injection signal leads to a better beam-pointing performance.

Fig. 5 shows the simulated standard deviation of the beam-
pointing error, g, of the ILOA and COA, respectively, as a
function of o¢. It is observed that a larger ILOA exhibits lower
gy, while a smaller COA exhibits lower oy.
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Fig. 10. Chip photograph of the ILOA fabricated in TSMC 0.18-um CMOS
technology.

The value of a4 listed in Table II looks small, but the effect
of random frequency deviation on the overall pattern is obvious
away from the major lobe. Fig. 6 shows the patterns derived
from 20 realizations of output phases from the ILOA with N
=11, o5 = 50 MHz, and @) = 10. The level variation is about
0.5 dB for the major lobe, and about 5 dB for the first sidelobe.

Table I1I summarizes the properties of ILOAs and COAs. One
obvious disadvantage of an ILOA is that its maximum achiev-
able inter-element phase difference is 180° /(N — 1), while that
ofa COA is +£90°. ILOAs have been implemented using CMOS
processes, which typically have a low @) value, techniques such
as frequency doubling or tripling are required to increase the
range of the beam-pointing angle.

IV. IMPLEMENTATION OF AN ILOA CHIP

Fig. 7 shows an example of an ILOA, which consists of
two modules, each module includes one oscillator and one
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Fig. 12. Phase difference between two modules under different V_;,12 when
Vetrir = 1.4V, —A—: simulation, — © —: measurement.

frequency tripler. These two modules are fed with a common
external signal. The ILOA is designed and implemented in
0.18-pm RF CMOS technology. The lossy substrate decreases
the quality factor of the oscillators, making the ILOA a better
choice in probability of lock and beam-steering error. The phase
difference between these two oscillators can be controlled by
tuning the free-running frequencies of both VCOs. To increase
the available phase range, a frequency tripler is connected to
the output of each oscillator.

Each VCO is a typical LC oscillator, with NMOS transistors
M; and M, forming a cross-couple pair and M3 serving as a
current source. The differential external injection signal is fed
to the gates of My and Mj, which are in parallel with Af; and
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TABLE IV
COMPARISON OF OSCILLATOR ARRAYS

this work [5] [11] [29] [30]
type ILOA ILOA ILOA COA with PLL COA with PLL
injection frequency (GHz) 3.73 14.58-16.2 3.94 - -
operation frequency (GHz) 11.2 43-48 3.94 7.4-9.4 2.67-2.72
phase range (°) — 120 to 120 — 90 to 90 —47 10 476 | — 100 to 100 —16 to 52
phase resolution (%) continuous 22.5(1) continuous continuous continuous
element no. 2 4 2 4 3
total de power (mW) 36 85(2) 460(4) 143(5) -
technology 0.18 pm CMOS | 65nm CMOS | hybrid 45 nm CMOS SOl hybrid

Mo, as shown in Fig. 7. The differential outputs at nodes A and
B are directly connected to the frequency tripler.

Fig. 8 shows the schematic of the proposed frequency tripler,
which is based on self-mixing of the fundamental ( fy) and the
second-harmonic (2 fy) signals. The second-harmonic signal is
derived from a frequency doubler, which is composed of M7,
and Mj5. The input of the tripler is connected to the output of
the oscillator. The signals at the gates of A/1; and M, are out of
phase, and the drains of AM;; and M, are connected together.
Hence, the second-harmonic common-mode signal appears at
the common drain, which is the output of the doubler. Transis-
tors M43 and M, form a single-balanced up-conversion mixer,
with their gates fed by the fundamental signal from the oscil-
lator’s output, and their sources connected to the output of the
doubler. The doubler and the mixer shares the same dc current
to reduce power consumption.

Frequency triplers based on self-mixing often suffer from
low fundamental rejection ratio [27], [28]. In this design, a
fundamental-canceling circuit, consisting of A5 and Mg, is
adopted. Their gates are connected to the inputs of the frequency
tripler, nodes E and F', and their drains are cross-connected
to the output of the frequency tripler, as shown in Fig. 8. By
properly tuning the sizes of (M3, M14) and (My35, Mis), the
fundamental signal can be canceled out at the output of the
frequency tripler.

The fundamental-rejection ratio is defined as

HRR1 = P3f.0ut - Plf,out (9)
where Py ue and Pjgou are the output power (in dBm) of
the desired signal at 3f; and that of the fundamental signal at
fo, respectively. Fig. 9 shows the simulated conversion gain
and HRR1 of the frequency tripler. The fundamental-canceling
circuit increases the HRR1 by about 7.5 dB, and its conversion
gain is increased by about 2.5 dB.

Fig. 10 shows a chip photograph of the proposed ILOA. The
chip size is 1.42 x 0.97 mm?, including the testing pads. The
tuning range of the oscillator is from 3.5 to 3.95 GHz.

An Agilent E8257D signal generator is used to serve the input
port of a coupler, with its isolated port terminated. The other two
ports inject differential signals to the chip. No matching net-
work is used between the chip and the coupler, and the differen-
tial signals are injected to the Inj+- and Inj— ports, as shown in

Fig. 10 via a ground-signal-ground—signal-ground (GSGSG)
probe. The injection frequency is 3.73 GHz, and the injection
power to the input ports of the chip is around 5 dBm after cali-
bration.

The frequency tuning range measured at tripler output is
from 9.5 to 10.9 GHz. The measured phase noise is about
—80 dBc/Hz at 1-MHz offset at the tripler output, estimated to
be —89.5 dBc/Hz at the oscillator output using a phase noise
cascade formula. The power consumption of the oscillator and
the tripler is 10 and 8 mW, respectively.

The inter-element phase difference, «:,, between the two os-
cillators is tuned with the control voltages, Vi1 and Vietlo.
Fig. 11 shows the output waveforms with o, = 20°,40° and
120°, respectively, measured by using an oscilloscope. The vari-
ation of envelope is attributed to the nonlinearity of the fre-
quency tripler.

Fig. 12 shows the measured and simulated phase difference
between two modules of the ILOA, where each module con-
sisted of one oscillator and one frequency tripler. Oscillator 1 is
treated as a phase reference with V417 fixed around 1.4+0.1 V.
The phase difference is measured between the outputs of the two
triplers, and is adjusted by tuning Vit,12. When Vegz = Vetnns
the free-running frequencies of both oscillators are the same and
both oscillators are in phase. With V12 = 1.35 'V, the measured
and simulated phase differences are 20° and 18°, respectively.
With Vg2 = 1.3 V, the measured and simulated phase differ-
ences are 40° and 34°, respectively.

The measured phase difference is 120° when Vi =
1.4 V and V.12 = 0.5 V. By switching the control voltages
to Vegrn = 0.5 Voand Vg2 = 1.4V, the phase difference
becomes —120°. Hence, the available range of phase difference
is from —120° to 120°. The lowest output power takes place
when Vi1 = 1.4 V and V4,12 = 0.5V, the simulated power
level at tripler output port (Toyut1+ in Fig. 7) is —13.6 dBm,
and the measured output power is —16 dBm after calibration
off the cable loss.

Table IV summarizes the properties of the proposed ILOA
design in comparison with other oscillator arrays in the litera-
ture. The proposed design has a wider range of phase difference,
attributed to the use of the frequency tripler. Note that PLLs are
used in the designs of [29] and [30] to stabilize their COAs, and
the COAs have lower probability of lock than ILOAs, based on
the simulations in Section III.
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V. CONCLUSION

The pros and cons of ILOAs and COAs have been reviewed
based on Adler’s equation. Both the probability of lock and
beam-steering error are analyzed under different quality factors.
The ILOAs have higher probability of lock than the COAs under
both high () and low ) conditions. The beam-pointing error of a
uniform linear antenna array driven by the former is smaller than
that driven by the latter under low () condition. A two-element
ILOA has been implemented in a low-Q CMOS process with
a frequency tripler to increase the maximum range of inter-ele-
ment phase difference. A fundamental-canceling circuit is also
implemented to increase its harmonic suppression by 7.5 dB.
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