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On Uncertainty Investigation of mmWave Phased
Array Element Control with an All-on Method

Huaqiang Gao, Wei Fan, Weimin Wang, Fengchun Zhang, Zhengpeng Wang, Yongle Wu, Yuanan Liu, and Gert
Frølund Pedersen

Abstract—Accurate control of complex excitation of array
elements is key to ensure spatial discrimination capability of
millimeter-wave (mmWave) phased array, e.g. beamforming to
target signal directions and nulling towards interference signal
directions. Element excitation uncertainties are typically eval-
uated in an “on-off” mode, where the element under test is
enabled with other phased array elements properly terminated.
However, such an “on-off” method might lead to inaccurate
results due to the fact that mmWave phased arrays are typically
designed for an “all-on” mode, where all array elements are
enabled with proper complex excitations. Therefore, there is
a need to accurately determine the array element excitation
uncertainties in its typical operation mode, i.e. “all-on” mode.
In this letter, an “all-on” method is proposed to enable accurate
array element uncertainty investigation in the “all-on” mode.
The proposed algorithm is experimentally validated in a 4×4
mmWave phased-array experimental platform. The experimental
results have shown that an amplitude deviation up to ±0.1 dB
and a phase deviation ±1◦ can be achieved in the “all-on” mode
with the proposed method, compared to those up to ±0.8 dB and
±9◦, respectively for the conventional “on-off” method.

Index Terms—Millimeter-wave (mmWave) antenna-in-package
(AiP), phased array calibration, antenna measurement, uncer-
tainty analysis.

I. INTRODUCTION

M ILLIMETER-WAVE (mmWave) phased arrays have
been widely adopted to provide high gain and multi-

stream transmission with electronically steerable beamform-
ing for mmWave mobile communications [1], [2]. As a
mainstream antenna and packaging solution for mmWave
applications, antenna-in-package (AiP) technology integrates
mmWave antennas in chip packages and has been widely em-
ployed in mmWave radio and radar systems [3]. With the AiP
design, the mmWave phased array is capable of controlling the
element excitations in beamformer radio frequency integrated
circuits (RFICs) to achieve the reconfigurable radiation pat-
tern. For example, by adjusting the phase weights of elements,
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main beam and nulls can be steered to the target and interfering
signal directions, respectively. Sidelobes can be suppressed by
applying tapered amplitude weights. Besides, a plane wave
can be approximated over a finite volume in a given region
by allocating complex weights to the array elements [4].

The performance of mmWave phased array is deeply de-
pendent on the accurate control of array element. However,
the element control has errors in practice. The control ac-
curacy could bring important influence on the phase array
performance. Moreover, there exists the large chip-to-chip
variation in amplitude and phase response at mmWave AiP.
The bad control accuracy of mmWave AiP will become the
bottle-neck for the mmWave applications with accurate phase
and amplitude control requirement. Therefore, the uncertainty
analysis and evaluation of phased array element is of signifi-
cant importance to ensure the phased array performance.

In the conventional method, the control uncertainty is
typically evaluated in an “on-off” mode, i.e. to enable one
element sequentially each time. A probe antenna is placed in
the far field to record element excitation variation. However,
the measurement accuracy suffers from link budget issues
due to the large measurement distance, especially at mmWave
frequency bands. Another way is to place a probe antenna
in a near field scanner where the probe antenna is moved
to the front of antenna element with equal distance, which
is typically adopted in the industry. However, the precise
mechanical positioning is laborious and expensive due to
some practical factors, e.g. the “black box” design of AiP
and the surface fluctuation of the planar near-field scanner.
The uncertainty analysis in the “on-off” mode requires that
the isolation between antenna elements are high enough [5].
However, this is typically not the case for mmWave phased
array AiP because the mutual coupling effect is non-negligible
in mmWave AiPs with current AiP design [6], [7]. Since the
normal working mode of the mmWave phased array AiP is an
“all-on” mode in practical applications (e.g. beamforming and
nulling), the uncertainty analysis performed in the “on-off”
mode might be inaccurate or even misleading. Therefore, it
would be more reasonable and accurate to evaluate the element
control uncertainty of mmWave AiP in the “all-on” mode,
i.e. all elements of AiP are enabled. This is, however, largely
overlooked in the literature.

This letter proposes a novel “all-on” method to enable the
uncertainty analysis of mmWave phased array in the “all-
on” mode. The element control uncertainty is investigated
by the deviation between the practical excitation increment
and the desired setting increment. Referring to the array
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Fig. 1. Measurement configuration for mmWave phased array AiP element
uncertainty analysis.

calibration, the practical excitation increment is detected in
the “all-on” mode for single element. The proposed method is
experimentally validated and its effectiveness is demonstrated
in contrast with the conventional “on-off” method.

II. THEORY

A. AiP element complex excitation acquisition

To avoid the large measurement error of phase at mmWave
frequencies, the rotating-element electric-field vector (REV)
calibration method [8]–[10] based on power-only measurement
is preferred for the AiP element complex excitation acquisition
in this letter. For the purposes of uncertainty investigation in
an “all-on” mode of this letter, the primary principle of REV
method needs to be revisited in the following. Fig. 1 shows the
measurement setup for the complex excitation acquisition of
AiP elements in an “all-on” mode. Under certain initial phase
shifts of N elements, the original composite complex field Ė0

of an AiP with N elements is a superposition of the electric
field of N elements, expressed in phasor notation as

Ė0 =

N∑
n=1

Ėn =

N∑
n=1

ḣnẋn = Hx = A0e
jΦ0 , (1)

where Ėn is the complex field of the nth element. x = {ẋn} ∈
CN×1 with its nth element ẋn = Ane

jΦn is the complex
excitation vector for N AiP elements. H = {ḣn} ∈ C1×N is
a transfer matrix between N AiP element feeds and the probe
antenna feed, with its nth element ḣn = αne

jϕn .
During the excitation acquisition of the nth element, as

illustrated in Fig. 2, the phase excitation of the nth element
is tuned by ∆, whereas the other N − 1 elements remain
unchanged. The updated composite field E

′

0 is expressed as a
function of the phase tuning ∆ of the nth element, i.e.

Ė
′

0(∆) = Ė0 − Ėn + Ėne
j∆

= A0

[
e−j(Φn+ϕn−Φ0) +

αnAn
A0

(ej∆ − 1)

]
· ej(Φn+ϕn).

(2)

The relative amplitude kn and phase Xn of the electric field
Ėn of the nth element with respect to the original composite
field Ė0 is defined as

kn =

∣∣Ėn∣∣∣∣Ė0

∣∣ =
αnAn
A0

, (3)
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Fig. 2. Illustration of excitation acquisition principle in phasor notation.

Xn = Φn + ϕn − Φ0. (4)

Substituting (3) and (4) into (2), we have

Ė
′

0(∆) = A0

[
(cosXn + kn cos ∆− kn)

+ j(kn sin ∆− sinXn)
]
· ej(Xn+Φ0)

= A
′

0e
jΦ

′
0 .

(5)

The power A
′

0

2
of the updated composite field Ė

′

0 is

A
′

0

2
(∆) = A2

0·[
Y 2
n + k2

n + 2Ynkn

(
cosXn − kn

Yn
cos ∆− sinXn

Yn
sin ∆

)]
= A2

0

[(
Y 2
n + k2

n

)
+ 2Ynkn cos (∆ + ∆0)

]
,

(6)

where we have

Yn =

√
(cosXn − kn)2 + sin2Xn, (7)

tan ∆0 =
sinXn

cosXn − kn
. (8)

On the basis of (6) with ∆ tuned from 0◦ to 360◦ (i.e. one
turn), we obtain

r =
A

′

0

∣∣
max

A
′
0

∣∣
min

=
Yn + kn∣∣Yn − kn∣∣ , (9)

The solutions for kn and Xn are obtained by solving
the equations of (7), (8), and (9) together. According to the
inequality relations of Yn and kn, we have two sets of solutions
for kn and Xn in [8]. The solutions are just determined by
the ratio r in (9), and the phase ∆0 achieving A

′

0

2∣∣
max

in (6).
From (7), we have

Y 2
n = 1 + k2

n − 2kn cosXn. (10)

Combining (10) and Fig. 2 applying the Law of Cosines,
we obtain Yn =

∣∣Ė0− Ėn
∣∣/∣∣Ė0

∣∣, where
∣∣Ė0− Ėn

∣∣ stands for
the composite field amplitude of all elements except the nth
element. Since

∣∣Ė0− Ėn
∣∣ > ∣∣Ėn∣∣ is held for practical phased

arrays in general, the solutions for kn and Xn under Yn > kn
are adopted. Therefore, in thes “all-on” mode, the excitation
amplitude An and phase Φn of the nth element under certain
initial phase shift are acquired by knA0

/
αn and Xn+Φ0−ϕn,

respectively. M complex excitations of the nth element under
M settings of initial phase shift are acquired for the element
uncertainty analysis in the following.
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B. AiP element control uncertainty analysis

The element control uncertainty is measured by the devia-
tion between the practical excitation increment and the desired
setting increment. For the sake of simplicity, the focus of this
letter is on the control accuracy of phase shifter. From Section
II-A, we acquire the complex excitation ẋn,m = An,me

jΦn,m

of the nth element under the mth setting of initial phase shift
φn,m. The initial phase shift is set from 0◦ to 360◦ with a
uniform step of ψ, i.e. the mth setting of initial phase shift
φn,m = (m− 1)ψ.

The excitation increment of the nth element under the
setting of initial phase shift φn,m versus the setting of 0◦ is

ẋn,m
ẋn,1

=
An,me

jΦn,m

An,1ejΦn,1
=
An,m
An,1

ej(Φn,m−Φn,1), (11)

where

An,m
An,1

=
kn,mA0,m

αn

/
kn,1A0,1

αn
=
kn,mA0,m

kn,1A0,1
, (12)

Φn,m − Φn,1 = (Xn,m −Xn,1) + (Φ0,m − Φ0,1) . (13)

In (13), Φ0,m and Φ0,1 are the phase of the original
composite field Ė0,m and Ė0,1 under the setting of initial
phase shift φn,m and 0◦ for the nth element, respectively.
In the classical REV calibration [8], the relative excitations
among elements are obtained under the common original
composite field. In this letter, the relative excitations of s-
ingle element are obtained under different settings of initial
phase shift. Therefore, the original composite field is not
constant. The phase variation of original composite field is
largely overlooked in the literature. Because of the power-
only measurement during the excitation acquisition in Section
II-A, the phase measurement of the original composite field is
not available. For this reason, the term of Φ0,m−Φ0,1 in (13)
is calculated synthetically in the following to compensate the
phase variation of the original composite field.

The original composite field Ė0,m and updated composite
field Ė

′

0,1 under the setting of initial phase shift φn,m and 0◦

for the nth element respectively are

Ė0,m = Ė0,1 − Ėn,1 + Ėn,1e
jφn,m , (14)

Ė
′

0,1(∆) = Ė0,1 − Ėn,1 + Ėn,1e
j∆. (15)

Combining (14) and (15), we have Ė0,m = Ė
′

0,1(φn,m), i.e.
Φ0,m = Φ

′

0,1(φn,m). From (5), the phase Φ
′

0,1 of the updated
composite field Ė

′

0,1 under the setting of initial phase shift 0◦

is expressed as

Φ
′

0,1(∆) = tan−1 kn,1 sin ∆− sinXn,1

cosXn,1 + kn,1 cos ∆− kn,1
+Xn,1+Φ0,1.

(16)
According to the results of complex excitation acquisition

under the setting of initial phase shift 0◦ in Section II-A (i.e.
kn,1 and Xn,1 are known), the phase variation of the original

mmWave AiP

Probe antenna

VNA

Control computer

DC power

Fig. 3. Photograph of measurement setup.

composite field under the setting of initial phase shift φn,m
relative to the setting of 0◦ is calculated by

Φ0,m − Φ0,1

= Φ
′

0,1 (φn,m)− Φ
′

0,1 (φn,1)

= tan−1 kn,1 sin ((m− 1)ψ)− sinXn,1

cosXn,1 + kn,1 cos ((m− 1)ψ)− kn,1
+Xn,1.

(17)

III. MEASUREMENT VALIDATION

In this section, the proposed “all-on” algorithm is exper-
imentally validated in a phased array experimental platform
developed at Aalborg University. The measurement setup is
demonstrated in Fig. 3. The mmWave AiP contains a 4×4
array of 16 patch elements with half wavelength spacing at 28
GHz. The AiP element complex excitation can be arbitrarily
set by the control computer. In our measurement, all elements
of AiP are set to be active and the phase shift of only one
element is set in each control. The attenuation setting of the
element is kept the same (e.g. 0 dB). The complex scattering
parameter S between mmWave AiP feed and probe antenna
feed is measured by a vector network analyzer (VNA) at 28
GHz for the excitation acquisition and uncertainty investiga-
tion of AiP element. The relative change (amplitude or phase)
of the scattering transmission parameter S is equivalent to
that of the composite field of AiP elements. Based on the
relative change, the element excitation can be acquired and the
element control uncertainty can be investigated from Section
II. Note that our proposed method is based on the amplitude-
only measurement. The phase of S measurement is utilized
just to validate our phase compensation technique, as discussed
later. Taking the first element of AiP for example where n = 1
and ψ = 5.625◦ (i.e. M = 65), the measured amplitude results
with 65×65 S measurements are shown in Fig. 4.

The uncertainty investigation in both “on-off” and “all-
on” modes is to set the initial phase shift that is linearly
progressing from 0◦ to 360◦ with a step of 5.625◦ and to
measure the field variation. The complex and amplitude-only
measurements are required in the “on-off” and “all-on” modes,
respectively. Since only one element is enabled in the “on-
off” mode, the element excitation increment under different
settings of initial phase shift can be detected directly from
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Fig. 4. Measured amplitude of the scattering transmission parameter S with
65×65 measurements in the “all-on” mode.
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Fig. 5. Phase variation of the original composite field under different settings
of initial phase shift.

the measured complex field variation. This method, however,
cannot achieve the detection for the uncertainty investigation
of one element with other elements enabled or coupled. In
the “all-on” mode, specifically, under each setting of initial
phase shift, an extra phase tuning technique in Section II-A
is employed to acquire the element excitation, with a uniform
tuning step of 5.625◦ (i.e. a total of 65×65 measurements for
all settings of initial phase shift, as shown in Fig. 4). The
error between the excitation phase increment and the setting
increment of initial phase shift is evaluated for the uncertainty
investigation in the following. Note that during the excitation
acquisition of element, the measured |S|2 under each setting
of initial phase shift is fitted best by a cosinusoidal curve to
acquire more accurate excitation results, as indicated in (6).

To verify the feasibility of the phase compensation in
Section II-B, the phase change information of the composite
field is extracted from the measured S. Fig. 5 depicts the phase
variation of the original composite field under different settings
of initial phase shift. The synthetic phase variation calculated
in (17) matches well with the measured one, which validates
the effectiveness of phase compensation. It is required for
the phase compensation technique to only utilize the results
of complex excitation acquisition under the setting of initial
phase shift 0◦, independent of the array configuration. In
contrast with the phase uncertainty result without the phase
compensation, the compensated one is shown in Fig. 6. The
phase uncertainty is ±5◦ and ±1◦ before and after the
phase compensation, respectively. Obviously, smaller phase
uncertainty is observed after the phase compensation. With
the proposed phase compensation technique, the deviation
introduced by the unknown phase variation of composite field
can be compensated well to evaluate more accurate phase
uncertainty.
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Fig. 6. Phase uncertainty results before and after the phase compensation.
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Finally, the evaluation results of control uncertainty are
compared between the proposed “all-on” method and the
conventional “on-off” method in Fig. 7. In the conventional
“on-off” method, the amplitude and phase uncertainty are
±0.8 dB and ±9◦ for the first element, respectively. For other
elements, the maximum amplitude and phase uncertainty can
be up to ±2.5 dB and ±13◦, respectively. In the proposed “all-
on” method of this letter, the amplitude and phase uncertainty
are ±0.1 dB and ±1◦, respectively. The uncertainty results in
the “on-off” mode might be misleading and inaccurate, while
they are more accurate and more realistic in the “all-on” mode.
Although the focus of this letter is on the phase uncertainty of
the element control (via setting the element attenuation to 0
dB in each control), the proposed “all-on” method can be well
applied for both amplitude and phase uncertainty investigation
of the AiP element control.

IV. CONCLUSION

In this letter, an “all-on” method for evaluating element
control uncertainty of mmWave phased array AiP is proposed
and validated in an “all-on” mode. The proposed method
validates the control uncertainty of single element in the “all-
on” mode of AiP, where a phase compensation technique needs
to be introduced. In the “all-on” mode, each element can be
controlled well within a small uncertainty (i.e. amplitude ±0.1
dB and phase ±1◦), while large control uncertainty is seen
(i.e. amplitude ±0.8 dB and phase ±9◦) in the conventional
“on-off” mode. The evaluation results of control uncertainty in
the “all-on” mode of AiP have more instruction and reference
value in practical applications, instead of the “on-off” mode.
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