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ABSTRACT Phased array antennas have played a very important role in many different areas and applica-
tions. It requires precise excitation of each antenna element by various synthesis techniques to obtain desired
array pattern features. However, due to reasons such as manufacturing imperfections, component aging,
and temperature variation, the realistic antenna element excitation inevitably differs from their expected
values in practice. This paper presents a tutorial-like review to deal with excitation errors for phased array
antennas. Two kinds of analysis methods, probabilistic methods and interval arithmetic (IA) based methods,
are presented to evaluate the effects of excitation errors for phased array antennas. State-of-the-art calibration
methods along with various signal processing techniques are reviewed, their advantages and challenges
are discussed in a comparative manner. Some other common errors and open research directions are also
presented.

INDEX TERMS Phased array antenna, excitation error, interval arithmetic, array calibration.

I. INTRODUCTION
The first phased array antenna was invented around the
turn of the 20th century with mechanical rotation to steer
the beam [1]. It was not until World War II that remark-
able progress such as controlled phase shifters were made,
which began to replace the original mechanical antenna
steering. With the military need for large missile warning
and space surveillance radars during the cold war, phased
array antenna technologies were fast developed and quickly
played an important role in defense areas like radar, sonar,
navigation, and wireless communications [2], [3]. At that
time, the phased array antennas utilized passive architec-
ture with a centralized high-power transmit amplifier and
receiver. However, the phased array antennas have under-
gone a steady evolution over the years. Thanks to advance-
ments in GaAs microwave circuits during the 1980s, active
electronically scanned arrays with analog beamforming
architecture became very popular, where each element has its
own full independent transmit/receive (T/R) module. By the
end of the 1990s, experiments and implements with hybrid
analog-digital beamforming architecture were also exten-
sively investigated and gradually became mature [4]–[6].

The associate editor coordinating the review of this manuscript and

approving it for publication was Derek Abbott .

After entering into the 21st century, with element level
digitization and fully digital beamforming (DBF) architec-
ture, phased array antennas have gained a much wider range
of improvements in both capability and performance. With
the important breakthrough with silicon(Si)-based phased
array technology, it has been driven to a point affordable
for a huge number of civil and commercial applications,
including not only 5G communication and wireless local-
ization, but also medical imaging, autonomous driving, and
Internet of Things (IOT) that enrich our daily lives [7]–[10].
Nowadays, Si-based phased array technologies have been
reported covering in a very wide frequency range from
millimeter-wave (mm-wave) to sub-millimeter-wave band,
and even in terahertz (THz) frequency band [11]. These mod-
ern applications with increasing working frequency impose
much more stringent requirements on phased array anten-
nas, adding significant constraints to the size, cost, complex-
ity, and weight, and most importantly, performance of the
array.

By amplitude tapering and phase control of antenna ele-
ments, phased array antennas can agilely steer the beam,
control the sidelobe levels (SLLs), and present the nulls on
the interfere directions conveniently [12]–[19]. This requires
precise excitation of each antenna element by various syn-
thesis techniques to obtain desired array pattern features, e.g.,
high directivity, low SLL, and null control. However, because
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of mechanical manufacturing imperfections and circuit
differences, phased array antennas show element to element
variation.Moreover, due to component aging and temperature
variation, the realistic antenna element excitations inevitably
differ from their expected values in practice. These errors
would cause array pattern distortion, gain degradation, worse
SLL, and null drifts [20]–[23]. Therefore, knowledge about
the impacts of the excitation errors and the corresponding
calibration methods are of high importance for phased array
antennas.

This paper aims to present a tutorial-like review of impact
analysis and state-of-the-art calibration methods to overcome
excitation errors for phased array antennas. Many methods
have been proposed to analyze the impacts of excitation
errors on array performance. These analysis methods fall
into mainly two different types, probabilistic methods and
interval arithmetic (IA) based methods. The probabilistic
methods assume that the excitation errors follow some kind
of probability distribution function (PDF) and treat this prob-
lem via statistical derivation [24]–[29]. They can provide
simple closed-form expressions of the features of the array
pattern by exploiting the central limit theorem. Although well
established, statistical methods have not always guaranteed
reliable confidence bounds, some extreme cases can still
fall outside the bounds. On the contrary, IA based methods
introduce intervals to represent the possible values of the
element excitation including both amplitude and phase, and
predict the array performance by its upper and lower bounds
[30]–[40]. Thanks to the inclusion property of IA to deal
with uncertainties, the determined bounds of antenna array
pattern are finite and inclusive thus reliable. Moreover, with
respect to standard time-consumingMonte Carlo (MC) based
strategies, IA based methods allow analyzing the effects of
array excitation errors by means of analytic expressions in a
short time.

To compensate for the excitation errors as low as pos-
sible and maintain acceptable array performance, phased
array antennas are required to be carefully calibrated before
their deployments and during their work. These calibration
methods vary from different systems and applications, either
suitable for factory test or for in-field test [41]. Somemethods
such as the near-field scanning probe method and the periph-
eral fixed probe method require additional equipments [42],
[42]–[60], while the mutual coupling method takes advantage
of the inherent property of the phased array without the
need for extra hardware [61]–[71]. For Si-based integrated
phased array antenna, it’s very common to design a dedicated
coupling network that using transmission lines connected
to each antenna element for periodic in-field calibration
[22], [72]–[86]. Moreover, different trade-off strategies can
be made between the complexity of measurement setup and
signal processing requirements. Some calibration techniques
characterize the antenna elements one by one, while some
others can handle several calibrations simultaneously. Some
calibration techniques require the calibration source and
sink must be coherent, while some others require no such

synchronization and can be done by amplitude or power only
measurements.

Figure 1 illustrates the main topics and general flowchart
of this paper, including analysis methods, calibration meth-
ods, and signal processing techniques of excitation errors for
phased array antennas. The rest of this paper is organized
as follows. First in Section 2, the mathematical model of
excitation errors is introduced along with the probabilis-
tic analysis methods. Then in Section 3, according to the
geometry of the excitation error representation, three kinds
of IA based methods are presented. Next, state-of-the-art
calibration methods for phased array antennas are reviewed
in Section 4, their advantages and challenges are discussed
in a comparative manner. Some signal processing techniques
for phased array calibration are also reviewed in Section 5.
Two other common errors, position errors and quantization
errors, are also discussed in Section 6. Then in Section 7, two
open research directions are presented to encourage future
research about phased array calibration. Finally, this paper is
concluded in Section 8.

II. PROBABILISTIC METHODS FOR IMPACT ANALYSIS
A. THE MATHEMATICAL MODEL
Considering a phased array antenna with N isotropic ele-
ments, each element has the excitation amplitude {an} and
phase {pn}, n = 1,. . . , N . The array radiation pattern or
the array factor f (θ, φ) can be mathematically expressed as
follows,

f (θ, φ) =
N∑
n=1

fn(θ, φ)

=

N∑
n=1

an exp[j(2π/λ
−→
k (θ, φ) · −→rn + pn)]

=

N∑
n=1

an exp(jbn) (1)

where λ is the wavelength,
−→
k (θ, φ) is the unit vector of the

observation direction (θ, φ) and −→rn is the position of the n-
th antenna element, fn(θ, φ) is the array factor contributed by
the n-th antenna element and bn is its phase. Note that {bn}
is also a function of the observation angle (θ, φ), however,
to simplify the notation this angle dependence is not shown in
the following discussion. Without considering position errors
of the antenna elements, the term

−→
k (θ, φ) · −→rn is constant at

any given direction, then the two phases {bn} and {pn} have
the same statistics and can be treated interchangeably.

There are generally two types of excitation errors, namely
correlated errors and random errors. Usually, it is the intent of
the designer to ensure that the correlated errors are appropri-
ately removed once identified, so that all remained residuals
are uncorrelated and random, which are difficult to compen-
sate due to their randomness [24]–[27]. Hence, only random
excitation errors are considered in the following discussion.
With excitation errors, the real antenna element excitation can
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FIGURE 1. The main topics and general flowchart of this paper, including analysis methods, calibration methods, and
signal processing techniques of excitation errors for phased array antennas.

be described according to its referenced value,

arealn = an(1+ γn)

prealn = pn + δn (2)

and without position errors,

brealn = bn + δn (3)

where arealn and prealn are the real excitation amplitude and
phase of the n-th antenna element, and the random variables
γn and δn represent its relative amplitude error and phase error
in percentage and degree, respectively.

Without loss of generality, the variances in the amplitude
and phase error are assumed to be identical among antenna
elements. According to the central limit theorem, both of
these random variables are Gaussian distributed and have
zero mean,

γn ≈ N (0, σ 2
a )

δn ≈ N (0, σ 2
p ) (4)

where σa and σp are the standard deviations of the excitation
amplitude and phase error, respectively.

Figure 2 illustrates an example of a half-wavelength
equally spaced (d = λ/2) 10-element linear antenna array,
which is used as the benchmark architecture in the following
discussion. The referenced array pattern is Taylor tapered

with SLLref = −20 dB and n̄ = 2, and the correspond-
ing parameters and excitation amplitudes are summarized
in Table 1. It has the main lobe with the first nulls at θ = ±17
deg, and the highest SLLs (the first sidelobe at θ = ±19 deg)
are approximately equal to−20 dB as designed. SomeMonte
Carlo simulations are also presented with σa = 0.05 and
σp = 5 deg, whose results show some performance degra-
dation, i.e., higher SLL and broader main beam.

B. THE EXPECTATION OF THE ARRAY PATTERN
The expected array pattern aims to evaluate the average pat-
tern performance and provide approximate formulas for the
confidence boundaries. From (1)-(3), the real array pattern
f real(θ, φ) is rewritten as,

f real(θ, φ) =
N∑
n=1

an(1+ γn) exp [j(bn + δn)] (5)

Generally, the array pattern is a complex value and can be
splitted into the real and imaginary parts,

f realR (θ, φ) =
N∑
n=1

an(1+ γn) cos(bn + δn)

f realI (θ, φ) =
N∑
n=1

an(1+ γn) sin(bn + δn) (6)
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TABLE 1. The Example of 10-element Taylor Tapered Linear Antenna
Array for Probabilistic Analysis.

FIGURE 2. The referenced array pattern of the 10-element Taylor tapered
linear antenna array, with Monte Carlo simulations are presented with
standard deviations of the amplitude error σa = 0.05 and phase error
σp = 5 deg.

From the Biggelaar’s work [27], the expectations of these
two parts, uR(θ, φ) and uI (θ, φ), can be derived as follows,

uR(θ, φ) = E
(
f realR (θ, φ)

)
= exp(−σ 2

p /2)
N∑
n=1

an cos bn

uI (θ, φ) = E
(
f realI (θ, φ)

)
= exp(−σ 2

p /2)
N∑
n=1

an sin bn (7)

And the variances of these two parts, σ 2
R(θ, φ) and

σ 2
I (θ, φ), have the following expressions,

σ 2
R(θ, φ)

=
1
2
(1+ σ 2

a )
[
1− exp(−2σ 2

p )
] N∑
n=1

a2n

+

[
(1+ σ 2

a ) exp(−2σ
2
p )− exp(−σ 2

p )
] N∑
n=1

a2ncos
2bn

FIGURE 3. The expectations and variances of the real and imaginary parts
of the array pattern for the 10-element Taylor tapered linear antenna
array.

σ 2
I (θ, φ)

=
1
2
(1+ σ 2

a )
[
1− exp(−2σ 2

p )
] N∑
n=1

a2n

+

[
(1+ σ 2

a ) exp(−2σ
2
p )− exp(−σ 2

p )
] N∑
n=1

a2nsin
2bn (8)

Figure 3 illustrates the expectations and variances of the
real and imaginary parts of the array pattern. As can be
seen, the expectation for the real part is symmetric while
the imaginary part is anti-symmetric. Their variances closely
follow each other at most of the angles except at the boresight
and the grating lobe. This is because the first term of their
variances are the same in (8), while the latter term differs in
their values especially in these two regions.

From (7) and (8), the expectation of the array power pattern
P(θ, φ) can be derived as,

E (P(θ, φ))

= E
(
(f realR (θ, φ))2

)
+ E

(
(f realI (θ, φ))2

)
VOLUME 9, 2021 59013
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= u2R(θ, φ)+ σ
2
R(θ, φ)+ u

2
I (θ, φ)+ σ

2
I (θ, φ)

= exp(−σ 2
p )

( N∑
n=1

an cos bn

)2

+

(
N∑
n=1

an sin bn

)2
+ (1+ σ 2

a )
[
1− exp(−2σ 2

p )
] N∑
n=1

a2n

+

[
(1+ σ 2

a ) exp(−2σ
2
p )− exp(−σ 2

p )
] N∑
n=1

a2n

= exp(−σ 2
p )P

ref (θ, φ)+
[
1+ σ 2

a − exp(−σ 2
p )
] N∑
n=1

a2n (9)

wherePref (θ, φ) is the normal/ideal array power pattern with-
out excitation errors,

Pref (θ, φ) = |f (θ, φ)|2 =

∣∣∣∣∣
N∑
n=1

an exp(jbn)

∣∣∣∣∣
2

=

( N∑
n=1

an cos bn

)2

+

(
N∑
n=1

an sin bn

)2 (10)

This expression in (9) shows that the effect of random
excitation errors produces the real array power pattern con-
sisting of the ideal pattern reduced by a factor that accounts
for phase error, plus another term that is a constant with
no angular dependence [13]. It is convenient to normalize
the latter term to the peak of the resulting pattern, and the
normalized sidelobe level is given by,

SLL =

[
1+ σ 2

a − exp(−σ 2
p )
] N∑
n=1

a2n

exp(−σ 2
p )(

N∑
n=1

an)
2

=

[(
1+ σ 2

a

)
exp(σ 2

p )− 1
] N∑
n=1

a2n

/
(
N∑
n=1

an)

2

≈

[(
1+ σ 2

a

) (
1+ σ 2

p

)
− 1

] N∑
n=1

a2n

/
(
N∑
n=1

an)

2

≈

(
σ 2
a + σ

2
p

)/
NηA (11)

where ηA is known as the array taper efficiency [28],

ηA = (
N∑
n=1

an)

2/
N

N∑
n=1

a2n (12)

The symmetrical form of the amplitude and phase errors
in (11) suggests the convenience of converting them from
one to the other. This helps in the trade-off to determine how
much of the error variance to allot between the two [25].
Figure 4 presents several curves of average sidelobe level
due to the phase and amplitude errors for the linear array
as presented in Table 1. Due to their interchangeability, each
sidelobe level curve is like an arc.

FIGURE 4. Array average sidelobe level due to phase and amplitude
errors for the 10-element Taylor tapered linear antenna array.

C. THE PDF OF THE ARRAY PATTERN
As can been seen in Fig. 3, formost regions except at the bore-
sight, grating lobe, and other selective regions, it’s reasonable
to assume that the real and imaginary parts of the array
factor have identical mean value and share the same variance.
Hence, as sum of these two Gaussian distributed variances,
the array pattern at these regions follows Rician distribution
with the PDF defined as,

prob(r(θ, φ))

=
r(θ, φ)
σ 2
r (θ, φ)

exp
(
−
r2(θ, φ)+ u2r (θ, φ)

σ 2
r (θ, φ)

)
· I0

(
rur (θ, φ)
σ 2
r (θ, φ)

)
(13)

where I0() is the modified Bessel function of the first kind
with order zero, and

ur (θ, φ) =
√
u2R(θ, φ)+ u

2
I (θ, φ)

σ 2
r (θ, φ) =

1
2

(
σ 2
R(θ, φ)+ σ

2
I (θ, φ)

)
(14)

Generally, the same variance assumption is good enough
for most analyses. However, it has been pointed out that this
assumption is not mandatory and a Beckman distribution can
be derived [27]. For other special regions that have uniden-
tical variances for the real and imaginary parts, such as the
boresight (uI = 0) and null locations (uR = uI = 0), detailed
mathematical derivation can be found in Bhattacharyya’s
excellent book [29].

III. IA BASED METHODS FOR ARRAY PATTERN
BOUND ESTIMATION
For practical antenna array engineering, it’s of great
interest to evaluate the worst performance of the array
pattern along with statistical characteristics. Recently,
the IA technique was introduced by P. Rocca et al. [30],

59014 VOLUME 9, 2021



G. He et al.: Impact Analysis and Calibration Methods of Excitation Errors for Phased Array Antennas

FIGURE 5. Illustration of three IA based methods, (a) the Cartesian IA method, (b) the Circular IA method, and (c) the Polygonal IA method.
The boundary of each element is defined by the amplitude interval [aL,aU ] and phase interval [θL, θU ]. [aL

R ,aU
R ] and [aL

I ,aU
I ] represent the

interval of the real and imaginary parts in the Cartesian IA method, respectively. The boundary for Circular IA method is represented with
< f , ρ > denoting the center f and the radius ρ, while the Polygonal IA method uses a convex polygon with K vertexes {vn}.

Anselmi et al. [31]–[33], [35], Massa et al. [34], and
Tenuti et al. [36] to evaluate the effects of excitation errors
and the corresponding upper and lower bounds of the array
patterns. Thanks to the intrinsic of IA to deal with uncer-
tainties, it’s very efficient to determine the bounds of array
patterns in a robust and reliable way. It needs no detailed
information unless the knowledge of the intervals about the
excitation errors, which are the only terms involved in the
IA based mathematical operations. As shown in Figure 5,
according to the geometry of the excitation error represen-
tation, three IA based methods have been proposed, i.e., the
Cartesian IA method, the Circular IA method, and the Polyg-
onal IA method.

A. THE CARTESIAN IA METHOD
As shown in Fig. 5(a), a specified excitation error has a
fan-like geometry defined by the boundaries of amplitude
interval [aL , aU ] and phase interval [bL , bU ]. Please keep
in mind that bL and bU are also dependent on the observa-
tion direction (θ, φ). For the Cartesian IA method, the error
geometry is expanded into the rectangular form for conve-
nience [30], [31]. Again, the complex array pattern of (1) is
rewritten with the real part fR(θ, φ) and the imaginary part
fI (θ, φ),

f (θ, φ) = fR(θ, φ)+ j · fI (θ, φ)

=

N∑
n=1

an cos bn + j ·
N∑
n=1

an sin bn (15)

The array power pattern P(θ, φ) can be obtained by first
squiring these two parts then adding them together,

P(θ, φ) = PR(θ, φ)+ PI (θ, φ)

= |fR(θ, φ)|2 + |fI (θ, φ)|2 (16)

Since an > 0, the bound of the real part of the array pattern
[f LR (θ, φ), f

U
R (θ, φ)] can be derived as

f LR (θ, φ) =
N∑
n=1

aLn (cos bn)
L

f UR (θ, φ) =
N∑
n=1

aUn (cos bn)
U (17)

where

(cos b)L

=

{
−1 if (2k + 1)π ∈ [bL , bU ]
min

{
cos(bL), cos(bU )

}
otherwise

(18)

(cos b)U

=

{
1 if 2kπ ∈ [bL , bU ]
max

{
cos(bL), cos(bU )

}
otherwise

(19)

A similar expression can be obtained for the imaginary
part, and the interval of the array power pattern is as,

PL(θ, φ) = PLR(θ, φ)+ P
L
I (θ, φ)

PU (θ, φ) = PUR (θ, φ)+ P
U
I (θ, φ) (20)

It should be mentioned that, due to the intrinsic of the com-
plex notation, the real and imaginary parts of the array pattern
in (15) are dependent and highly correlated to each other.
If an interval variable occurs several times in the expres-
sion, and each occurrence is taken independently, then this
so-called dependency problem will cause expansion of the
resulting intervals. In the above derivation, the array excita-
tion error occurs in both the real and imaginary parts, this
will cause an unwanted overestimation when adding them
together [37], [38].

B. THE CIRCULAR IA METHOD
For the circular IA method, as shown in Fig. 5(b), the geom-
etry of the excitation error is represented into the circular
form. It’s denoted as < f (θ, φ), ρ(θ, φ) >, where f (θ, φ)
is the center and ρ(θ, φ) is the radius covering all possible
excitation error values [35]. The advantage of the circular IA
method is the simplicity of IA calculation, the radius of the
array pattern is the sum of the radius of the interval of each
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element, respectively,

ρ(θ, φ) =
N∑
n=1

ρn(θ, φ) (21)

where ρn(θ, φ) is the radius covering the excitation error of
the n-th element,

ρn(θ, φ) = max{
∣∣∣an exp(jbn)− aLn exp(jbLn )∣∣∣ ,∣∣∣an exp(jbn)− aLn exp(jbUn )∣∣∣ ,∣∣∣an exp(jbn)− aUn exp(jbLn )

∣∣∣ ,∣∣∣an exp(jbn)− aUn exp(jbUn )
∣∣∣} (22)

The bounds of the array power pattern are obtained by first
calculating the bounds of the array pattern and then squaring
it,

PU (θ, φ) = (|f (θ, φ)| + ρ(θ, φ))2

PL(θ, φ) =


(|f (θ, φ)| − ρ(θ, φ))2

if |f (θ, φ)| > ρ(θ, φ)
0 otherwise

(23)

In this way, the excitation of the antenna element as
an interval variable appears only once in (21). However,
the radius is enlarged due to the expression of the circular
IA form.

C. THE POLYGONAL IA METHOD
As shown in Fig. 5(c), a more compact geometry is to expand
the excitation error region as a convex polygon. The outer
arc of the possible region is surrounded by several tangent
lines, while the inner arc is surrounded by a line between the
two vertices. In such a case, the computation procedure of
the sum of two convex polygons is known as the Minkowski
sum. Let V andW be two convex polygons representing pos-
sible regions of the excitation errors of two antenna elements
with K vertices {v1, . . . , vK } and M vertices {w1, . . . ,wM },
respectively. Their Minkowski sum can be computed as fol-
lows [39],

Step 1: initial k = 1, m = 1;
Step 2: add vk + wm as the vertex of the sum.
Step 3: if angle(vkvk+1) ≤ angle(wmwm+1), then

k = k + 1;
else if angle(vkvk+1) ≥ angle(wmwm+1), then

m = m + 1;
else k = k + 1, m = m + 1.

Step 4: repeat step 2 and step 3 until k = K + 1 and
m = M + 1.
The above procedure runs in linear time because at each

execution of the repeat loop either k or m is incremented.
Moreover, the Minkowski sum is also a convex polygon with
at most K + M edges [39]. Hence, By sequentially adding
each element with N -1 times of Minkowski sum calcula-
tion, the interval of the array pattern can be obtained with
improved bounds thus more reliable results. An extensive

comparison of these three IA based methods with repre-
sentative numerical results can be found in [32]. Generally
speaking, the Polygonal IAmethod performs the best formost
scenarios, while the Circular IA method performs the worst.
An analytic method is also proposed to analyze and further
dig the information from the shape of the convex polygon of
the array pattern, and map it into the probability distribution
of the bound interval [40].

IV. CALIBRATION METHODS
The objective of phased array antenna calibration is to sample
each antenna element in the array, and compare the obtained
results to identify the differences among the elements. Phased
array calibration for both transmit and receive are similar,
the primary differences lie in the test-signal distribution at
the input and the combination at the output. For receive
calibration, a calibration source and/or a distribution network
is required to inject the test signal into the input of each
element, the array beamformer can be used as a test signal
combiner. For transmit calibration, it requires a calibration
source signal into each element and additional equipment or
beam combiner for combined signal monitoring. Only receive
calibration is presented here to keep the discussion focused,
the extension for transmit calibration is straightforward. The
calibration methods vary from different systems and appli-
cations, either suitable for factory test or for in-field test.
According to Seker’s work [41], these calibration methods
can be generally divided into four main categories, i.e., the
near-field scanning probe method, the peripheral fixed probe
method, themutual couplingmethod, and the built-in network
method. The advantages and challenges of these calibration
methods are shortly summarized in Table 2 and presented in
the following subsections.

A. THE NEAR-FIELD SCANNING PROBE METHOD
The traditional near-field scanning probemethod, also known
as ‘‘park and probe’’, is one of the most widely used methods
in the industry for phased array antenna calibration [42]–
[46]. It’s considered to be very reliable and accurate with
element-level pattern accuracy as high as 0.1 dB and 0.1 deg,
respectively [42]. The procedure is straightforward, the tested
element is excited to its default state, a robotic manipulator
places a near-field scanning probe antenna at the boresight
of the tested element, to directly measure the relative phase
and amplitude by Vector Network Analyzer (VNA). Then
it moves to test the next element under the same testing
condition, and repeats this procedure until all elements of the
antenna array are tested. As depicted in Fig. 6(a), supposing
gtp is the transmit gain of the calibration probe, Cpn is the
coupling coefficient between the probe antenna and the n-th
antenna element under test, and grn is the receive gain of the
n-th element to be calibrated. Then the signal received by the
n-th antenna element Rpn can be formulated as,

Rpn = gtpCpng
r
n (24)
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TABLE 2. The advantages and Challenges of Phased Array Calibration Methods.

FIGURE 6. Simplified diagram of the phased array calibration methods.

Analogously, the signal received by the m-th antenna ele-
ment Rpm can be formulated as,

Rpm = gtpCpmg
r
m (25)

Since the technique scans and tests all the antenna elements
under the same conditions, it assumes that the coupling coef-
ficient between the probe and the tested element is the same
for all array elements, i.e., Cpn = Cpm. Hence, the relative

excitation error between these two elements can be obtained
as,

grn
grm
=

Rpn
Rpm

(26)

Usually, probe position error will result in some of themea-
surement error in near-field measurement [47]. However, for
phased array near-field scanning probe calibration, it is not
necessary to keep the probe antenna precisely at the boresight
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of each antenna element under test. It is sufficient to just keep
the relative position and angle between the probe antenna and
the tested element unchanged. In that case, even if the probe is
somewhat offset from its desired position for every antenna
element, the amount of offsets and therefore couplings will
be still the same for all tested antenna elements, making this
technique still useful.

The near-field scanning probe method usually requires
a precise automated mechanical system including elements
such as the axes controllers, actuators, motors for accurate
probe movement. This makes the setup suitable to work only
in the near-field environment, but too complicated to arrange
it in the field test. Moreover, due to the mechanical movement
of the probe antenna, the measurement process is very time-
consuming, especially for large-scale phased array antennas.
For example, for the THAAD (Theater High Altitude Area
Defense) radar, each of the 25,344 T/R modules had to be
near-field scanned individually, result in a very long and even
unacceptable test time [48], [49]. Therefore, the near-field
scanning probe method is most suitable for initial factory test
rather than periodic in-field calibration.

B. THE PERIPHERAL FIXED PROBE METHOD
In some large phased array antennas, unlike the near-field
scanning method with a moveable probe antenna, one or
several fixed probe antennas are placed at the periphery of
the array [50]–[54], or moving platform such as a balloon or
unmanned aerial vehicle (UAV) [55], [56]. In [57], calibration
is made by external fixed probe antennas at certain locations
near the array. A circle around the array center is chosen
for symmetry reasons. It’s proposed that one probe antenna
is integrated at the side for a spaceborne phased array cali-
bration [58]. High calibration accuracy can be achieved for
actual satellite systems because this allows easy realization
with high signal-to-noise ratio (SNR). The Space Fence, used
to detect, track, and catalog small objects in Space Situa-
tional Awareness for the U.S. Air Force Space Surveillance
Network, both the transmit and receive arrays are calibrated
with horn antennas mounted on calibration towers in the near-
field [59].

If the fixed probe is at the far-field of the array under test,
then the effects of each antenna element can be viewed as
the same. Otherwise, the coupling between the probe and
each antenna element is going to be different. In this case,
the peripheral fixed probe method can be applied only if the
coupling amounts were previously measured or calibrated
and moved out. This can be done by using a near-field scan-
ning probe in factory test, then comparedwith the results from
peripheral fixed probes made in-field to calculate the cou-
plings. For example, the SAMPSON Multi-Function Radar
has four fixed open waveguide auxiliary radiators used for
calibration [60]. The signal received from an individual active
channel is compared with a stored reference level obtained
during the factory test of the phased array antenna. In this
way, a replacement module or one whose characteristics have
simply drifted with time may be reset to the original RF

performance, thus restoring the original factory-fresh condi-
tion of the antenna. With the peripheral fixed probe method,
some advanced signal processing techniques can be adopted
to reduce the complexity of measurement hardware require-
ments, which is presented in detail in Section 5.

C. THE MUTUAL COUPLING METHOD
The mutual coupling method was first proposed by Aumann
et al. [61] on a linear antenna array, based on the idea that
the inherent mutual coupling among the array elements can
be used by transmitting from an element and receiving from
another. The measured signals between all pairs of elements
in the array allow a complete characterization of the relative
amplitude and phase of each element in the array. Compared
to the near-field scanning probe method and the peripheral
fixed probe method, this method utilizes the inherent prop-
erty of mutual coupling and requires no external hardware
resources, resulting in a much faster calibration process and
more suitable for in-field calibration [62]–[68].

The mutual coupling method was extended to two-
dimensional (2D) antenna array and became more practi-
cally useful [63]. The detail of the mutual coupling method
depends on the specific array geometry. Taking themost com-
mon rectangular array as an example, as shown in Fig. 7, there
are four elements under test and two parameters need to be
calibrated for each element. Let gtm denotes the transmit gain
of them-th element and grn denotes the receive gain of the n-th
element to be calibrated. A mutual coupling measurement
consisting of a signal transmitted from the m-th element and
received by the n-th element. When the #2 and #3 elements
as receive and the #1 and #4 elements as transmit, two pairs
of mutual coupling measurements are formulated as,

R12 = gt1C12gr2, R13 = gt1C13gr3
R42 = gt4C42gr2, R43 = gt4C43gr3 (27)

FIGURE 7. Coupling schemes for rectangular phased array calibration by
performing the mutual coupling method [41], [70].
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FIGURE 8. Signal processing techniques for phased array calibration.

From these four measurements, these elements can be
calibrated relative to each other as,

gr2
gr3
=

(
R12R42
R13R43

)1/2
,

gt1
gt4
=

(
R12R13
R42R43

)1/2
(28)

From the other three topographies with six more pairs
of measurements, the relative transmit and receive gains of
all four elements can be solved. Moreover, a mathematical
framework by the least square method is proposed that using
measurement results as many as possible [69].

There is also something to be mentioned for the mutual
coupling method. It relies on the assumption that coupling
between an antenna element and its neighbors are the same
for all elements in the array. Nonetheless, it was revealed by
using a prototype system, it does not hold for small arrays due
to unwanted edge effects [70], [71]. A before/after approach
is introduced to avoid errors introduced by edge effects,
the ratio between the after and before status will quantify the
changes suffered by the elements.

D. THE BUILT-IN NETWORK METHOD
It’s very common to use a built-in network connected to
each antenna element for periodic in-field calibration of inte-
grated phased array antennas, especially for Si-based RF
and mmWave-band integrated phased array [22], [72]–[82].
As shown in Fig. 6(d), this technique employs microstrip
transmission line as test signal injector or weak signal coupler
embedded under the element for calibration, with the cou-
pling ratio between the transmission line and the radiating
element usually several tens of dB. These calibration lines
sample the signals received or transmitted by the antenna
elements. The measured signals are then used to calculate
the amplitude and phase differences among the elements.
An early example of built-in performance monitoring system
was developed and tested in [77]. Test distribution networks

can also be integrated with advanced signal processing tech-
niques on-chip as described in Section 5.

To successfully calibrate a phased array using this method,
phase shifts and amplitude losses caused by the transmission
lines and the couplers that connect them should be equal or
already known. A high-quality, embedded calibration net-
work near the array face could source or receive nearly iden-
tical signal levels at each element. If the transmission lines
are built using the same material and have the same radius
and length, their effects would be very similar. For example,
the ELTA/IAI Systems used microstrip line couplers near
parallel plate waveguide radiators to individually probe T/R
modules through the analog beamformers to supplement ini-
tial near-field calibration. The TerraSAR-X imaging satellite
was one of the first SAR systems using embedded coupling
to supplement the initial calibration once it is launched into
space [83], [84]. For the S-band digital array testbed at Lin-
coln Laboratories, a coupler was used for injecting in front
of the LNAs for receive-only calibration monitoring [85].
In [86], a coupled line network that is weakly coupled to the
antenna array is designed to provide a calibration signal path
without adding any switch after the antenna port.

V. SIGNAL PROCESSING TECHNIQUES FOR PHASED
ARRAY CALIBRATION
For the peripheral fixed probe method and the built-in net-
work method for phased array calibration, it’s very conve-
nient to apply advanced signal processing techniques to save
hardware or time requirements. As shown in Fig. 8, these
techniques can be distinguished as serial or parallel by the
number of elements to be calibrated each time. In serial
calibration techniques, the antenna elements are character-
ized one by one, and the characterizations of different array
elements are independent. Some techniques save time by han-
dling several calibrations simultaneously, thus can be viewed
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as more efficient. These techniques can also be distinguished
as coherent or noncoherent by the measurement requirements
between the calibration source and the element under cal-
ibration. For coherent measurement, it’s required that the
calibration source and sink must be coherent to obtain the
complex value containing both amplitude and phase infor-
mation. On the contrary, noncoherent measurement requires
no such synchronization, which can be done by amplitude or
power only measurements. All these four kinds of techniques
can be conducted with both the peripheral fixed probemethod
and the built-in network method, only slight differences in
the measurement setup are required depending on practical
applications.

A. SERIAL AND COHERENT TECHNIQUES
The serial and coherent techniques simply calibrate each
element serially and require a coherentmeasurement to gather
the element excitation information. The near-field scanning
probe method can also be conducted as one of such kind
of techniques. For some smart antenna applications [87] and
mobile satellite communication applications [88], [89], these
simple and direct calibration techniques are very common,
especially with the element-level digital phased array. One
of the main advantages of digital beamforming over every
element is the ease that amplitude and phase errors among
elements can be calculated in the digital domain.

There are also some measurement setups involving phase
toggling. In [77], the phase of the element under calibration
is switched between two states of 0 and π , while the other
elements stay unchanged. By comparing the combined array
signal of these two measurements, the element excitation
can be easily determined, while the other stationary element
outputs can be canceled out.

B. SERIAL AND NONCOHERENT TECHNIQUES
Compared to coherent measurement methods, noncoherent
techniques which involve amplitude or power only mea-
surements are considered to be more convenient. In such
a case, coherent measurements are no longer required with
precise synchronization between the calibration source and
the element under calibration. However, this is usually done
with some additional costs. e.g., more power detectors or
more times of measurements. The rotating element electric
field vector (REV) method is the most well-known power
only measurement method with only one power detector.
It measures the amplitude of the array combined signal
by shifting the element phase from 0 to 2π continuously
[90]–[93]. The element excitation can be determined from
statistics of three parameters, the maximum and minimum
power of the array signal, and the element rotation phase to
maximum power.

In [94], it was pointed out that measurement results at four
orthogonal phase shifts are sufficient enough to obtain a max-
imum likelihood estimation for each array element. An even
simpler expression was further derived in [95] that requires
only two phase shifts of π /2 and π to yield the element

complex excitation information. Another novel power only
measurement method is derived to calibrate the element exci-
tation [96]. For each array element, two power measurements
are used to determine the element complex excitation, one
by shifting the element’s phase of π /2 and the other by
turning the element under test off. From the mathematical
point of view, it’s required at least two amplitude (power)
measurements to determine the complex excitation of one
array element.

In [97], [98], multiple noncoherent power detectors are dis-
tributed across the array for amplitude and phase extraction.
Power detectors can also be placed between adjacent ele-
ments, allowing themeasurement of relative phase in addition
to amplitude [99].

C. PARALLEL AND COHERENT TECHNIQUES
Compared to serial techniques, parallel techniques that simul-
taneously calibrate a number of array elements are more effi-
cient, which is especially suitable for large phased arrays with
small calibration time slots. Some parallel techniques mea-
sure the array combined signals with several measurement
probes at multiple positions [100]. However, this requires
some hardware burden. A more popular alternative technique
allows simultaneously measuring excitations of multiple ele-
ments relying on code modulation [101]–[105]. A method
that controls the element phases based on time multiplexed
orthogonal codes was proposed in [101], thus the individual
element excitation can be derived from the combined array
signal. The pseudo-random (PN) code for phased array cali-
bration has been successfully verified in a space born environ-
ment by TerraSAR-X [106]. In addition, a similar technique
with Walsh codes was used for Sentinel-1 [107]. A recursive
matrix-forming method for Hadamard matrix construction is
presented in [108] for phased array calibration.

Besides these aforementioned methods, the spectrum anal-
ysis technique can also be adopted for phased array parallel
calibration. In [109], [110], a multi-element phase toggling
method with Fast Fourier Transform (FFT) based spectrum
analysis is proposed for parallel calibration. Each element
under calibration is toggled with a particular odd time of
fundamental step frequency. By applying FFT analysis of the
combined complex signal, both the amplitude and phase of
each element can be found in the corresponding spectrum.

D. PARALLEL AND NONCOHERENT TECHNIQUES
The parallel and noncoherent techniques, with multi-element
element calibration each time and no coherent measure-
ment required, should be the most preferred technique at
the expense of more complex signal processing. In [111],
the phases of multiple antenna elements are successively
shifted with the specified phase intervals. The measured array
power variation is expanded into Fourier series and the terms
are rearranged to put them into the form of the conventional
REV method. In [112], another spectrum analysis based
method is proposed by periodically modulating the element
phase sequentially. The phase of the antenna element is
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shifted to π on one time slot while staying unchanged for the
other time slots. By applying FFT analysis of the combined
array signal, the element complex excitation is obtained from
the corresponding modulation frequency harmonics.

In [113], [114], a novel calibration technique that employs
code-modulated interferometry is proposed for parallel mea-
surements. Moreover, it requires only a simple power squar-
ing detector without the need for a coherent receiver. First,
the common test signal in the form of a single-frequency tone
injected into each element, both the in- and quadrature-phase
components of each element are encoding, then combined
and squared using an on-chip power detector. Benefiting
those orthogonal code products (OCPs) where the product of
any two codes is another unique code, the squaring operation
downconverts the combined signal to baseband and creates an
interference pattern between all of the individual elemental
responses. This pattern contains complex cross-correlations
that are each modulated according to the OCP. Using each
OCP, the correlation of interest can be demodulated, and then
the full set of correlations can be used to extract amplitude
and phase information for all elements.

VI. SOME OTHER COMMON ERRORS
Although the excitation errors are analyzed in this paper,
the real phased array antenna will suffer some other errors
in practice. Here two other common errors of phased array
antenna, position errors and quantization errors, are shortly
discussed to inspire the readers’ broader envision for phased
array antenna calibration.

A. POSITION ERRORS
As described in Section II-A, the position errors of array
elements will also influence the performance of the array.
A large number of studies have been focusing on the posi-
tion tolerance of antenna elements [115]–[118]. A coupled
structural-electromagnetic model is developed to evaluate
the effects of random position errors on the performance of
phased antenna arrays [116], [117]. The relationship between
the position tolerance of the antenna element and the gain
loss of the array is derived in [118]. A conical scheme for
representing element position errors is proposed in [119],
which considers both the relevance and the randomness of
the position errors of adjacent planar array elements. The IA
basedmethod is also applied to evaluate the effects of element
position errors on the statistic performance [120].

B. QUANTIZATION ERRORS
With the advance of modern RF technologies, digital ampli-
tude attenuators and digital phase shifters are nowadays
extensively used than analog ones. Thus, the optimized
continuous amplitude and phase must be rounded off to
the closest quantized value for implementation in prac-
tice [121], [122]. Since the errors of these approximate phase
and amplitude are highly correlated rather than random, this
often yields large grating lobes and degrade the array sidelobe
performance. Detailed derivations about array performance

degradation and grating lobe levels due to quantization can
be found in [13]. To reduce the grating lobe, it is common
engineering practice to randomize the amplitude and phase
quantization errors thus break up the periodicity. A detailed
comparison of several methods can be found in [123] that are
used to reduce the peak sidelobe level.

VII. OPEN RESEARCH DIRECTIONS
Currently, phased array calibration is still one of the hottest
research topics for phased array technology. Many aspects
are expected to be improved with higher efficiency and better
performance. Two open research directions, from the authors’
personal point of view, are presented here to encourage future
researches about phased array calibration.

A. WIDEBAND PHASED ARRAY CALIBRATION
The higher data rate requirements for future wireless com-
munications have significantly driven the need for wideband
phased array antennas. Future phased array antennas must
address very wideband signals as well as nonlinear behaviors,
adaptivity, and reconfigurability. Hence, array calibration
techniquesmust have to be developed tomeet such challenges
as spurious signals and pulse dispersion for wideband antenna
arrays [124], [125]. The phase-shift approximation used in
the narrowband beamformer implementation is not valid for
processing wideband signals. True time delay (TTD) units
rather than phase-shifters are required for wideband beam-
forming. Several methods have been proposed for wideband
phased array calibration. For very long baseline interferom-
etry (VLBI) in radio astronomy, comb tones with a step
frequency of several MHz are used to provide wideband and
high-stability calibration. The comb tones are injected into
the receiver front end to calibrate the phase delay of receive
channel over wide band [126]–[128]. Another mainstream
idea is to compensate for the channel imbalances correspond-
ing to the channel response. In [129], a digital wideband
phased array working on 1-8 GHz is first characterized using
impulse response measurement. A chirp signal is injected
as the probing signal to measure all 16 channels simultane-
ously. Based on the spectrum-modified time reversal tech-
nique, the impulse response is compensated and both phase
and amplitude are realigned for all elements. In the future,
more efficient calibration methods are expected to reduce
the complexity of measurement setup and calibration signal
processing.

B. MACHINE LEARNING BASED CALIBRATION
TECHNIQUES
The rise and proliferation of artificial intelligence (AI) has
found numerous applications including natural language
processing, remote sensing, image recognition, and fraud
detection. Machine learning (ML) approaches are scientific
disciplines that build a mathematical model based on train-
ing data, to enable AI by improving an outcome through
the experience without being explicitly programmed. Some
popular ML techniques are radial basis functions (RBFs),
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support vector machines(SVMs), artificial neural networks
(ANN), and deep neural networks (DNNs), just to name a
few [130], [131]. Recently, it has also been gaining increasing
popularity in the antenna and propagation community to solve
complex electromagnetic problems [132]–[134]. For phased
array calibration, a graph coloring theory based method is
proposed in [135], which transforms the calibration problem
into a coloring problem that aims at minimizing the number
of used colors. In [136], the number of calibration measure-
ments is minimized by using a compressed sensing (CS)
approach. Sparsity is introduced into the combined signals
by assigning binary delay vectors, which allows to recovery
excitation of individual array elements in a computation-
ally effective way. In [137], the ANN approach is applied
to calibrate both transmit and receive channels for phased
array antenna, which allows simple hardware implementation
and requires little computational power. ML techniques are
undoubtedly great analysis tools, particularly for problems
with large and complex data sets. As ML techniques grow in
sophistication and are still in boosting, more powerful ML
based calibration techniques and practical applications are
expected for phased array calibration and status monitoring.

VIII. CONCLUSION
Phased array antennas require precise excitation of each
antenna element by various synthesis techniques to obtain
desired array pattern features. However, because of mechan-
ical manufacturing imperfections, component aging, temper-
ature variation, and circuit differences, the realistic antenna
element excitation inevitably differs from their expected val-
ues in practice. These errors would cause array pattern distor-
tion, gain degradation, worse SLL, and null drifts. This paper
aims to present a tutorial-like review of impact analysis and
state-of-the-art calibration methods to overcome excitation
errors for phased array antenna. The probabilistic methods
provide simple closed-form expressions of the features of the
array pattern by exploiting the central limit theorem. The IA
based methods introduce intervals to represent the element
excitation errors and predict the array performance with its
upper and lower bounds. Thanks to the inclusion property
of IA to deal with uncertainties, the determined bounds of
antenna array pattern are finite and inclusive thus reliable.

To meet the requirements and maintain acceptable perfor-
mance, phased array antennas must be carefully calibrated to
compensate the errors as low as possible. These calibration
methods vary from different systems and applications, either
suitable for factory test or for in-field test. The near-field
scanning probe method that employs a robotic scanner is
well-known and widely used as the standard for factory test.
The peripheral fixed probe method requires external probes
with calibration signal processing. In contrast, the mutual
coupling method takes advantage of the inherent property
of mutual coupling among elements of the array, and uses
it to avoid the employment of external equipment. Some
dedicated coupling network that using transmission lines
connected to each antenna element for the periodic in-field

calibration of integrated phased array antenna, especially
for RF and mmWave-band integrated phased array. It’s very
convenient to apply advanced signal processing techniques to
save hardware or time requirements. These techniques can be
distinguished as serial or parallel by the number of elements
to be calibrated each time, or distinguished as coherent or
noncoherent by the measurement requirements between the
calibration source and the element under calibration.
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