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Experimental Comparison of On-Off and All-On
Calibration Modes for Beam-Steering Performance
of mmWave Phased Array Antenna-in-Package

Huaqiang Gao, Weimin Wang, Yongle Wu, Yuanan Liu, Gert Frglund Pedersen, and Wei Fan

Abstract—Antenna-in-package (AiP) technology has been im-
plemented for millimeter-wave (mmWave) phased array design
with antenna elements and radio frequency (RF) chips integrated.
The radiation pattern beam of mmWave phased array AiP is
typically steered after the in-homogeneous RF branches are
aligned (i.e. AiP calibration). The RF branch discrepancies
among elements are directly obtained with one element enabled
sequentially each time (i.e. on-off mode) by default in the
industry. A recent study has reported that the AiP element branch
discrepancies obtained in the on-off mode might be different
from those obtained in the normal all-on working mode with all
elements active. However, experimental results that demonstrate
the impact of difference between the two calibration modes
on the beam-steering performance of mmWave phased array
AiP have been rarely reported in the literature. In this paper,
the beam-steering performance of two mmWave AiPs after the
two calibration modes is experimentally compared, which is
demonstrated by the beam-steering pattern defined in the paper.
Following the statement on the source of difference between the
two calibration modes of AiP, the system model is described for
the calibration and beam-steering measurements of AiP in the
experimental campaign. Experimental results show that the on-
off calibration mode obtains the same beam-steering performance
as the all-on mode for the main beam pattern, though element
branch discrepancies obtained in the two modes are different.

Index Terms—Millimeter-wave (mmWave) antenna-in-package
(AiP), phased array calibration, beam-steering, antenna measure-
ment, radio frequency integrated circuits.

I. INTRODUCTION

HASED arrays in millimeter-wave (mmWave) frequency
bands are being widely employed in different applications
such as 5G radios [1]-[3], automotive radars [4]-[6], and satel-
lite communication [7]-[9]. The electronic beam-steering is
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the key capability of mmWave phased arrays, e.g. to establish
the optimum link between mobile terminal and base station
with beams aligned in 5G cellular networks [10], and to detect
objects in automotive radars [11]. As an antenna and pack-
aging technology for various mmWave applications, antenna-
in-package (AiP) technology integrates antenna elements and
radio frequency (RF) chips into a package for the mmWave
phased array design [12]-[16], i.e. mmWave phased array AiP
(AiP for short in the following). In practical AiP systems,
the initial complex excitation of AiP element might differ
from each other due to the imbalances among RF branches
of AiP elements. The beam-steering performance (e.g. beam-
steering direction and beam pattern) of AiP would be distorted
if the RF branches are misaligned, i.e. without AiP calibration.
The objective of AiP calibration is to first obtain the initial
complex excitation discrepancies among elements and then
to compensate for the element-to-element discrepancies, i.e.
to make the RF branches of elements aligned. On the basis
of the aligned RF branches, beam-steering is performed by
extra phase shift settings of elements in AiP. Therefore, the
beam-steering performance of AiP is guaranteed by the AiP
calibration.

In practice, the initial excitation of elements is never known
since the element ports are not accessible. To estimate the
initial excitation discrepancies among elements, phased array
calibration methods reported in the literature can be adopted
for AiP calibration. The estimate of the initial excitation
discrepancies among elements can be performed in the near
field and far field. As a direct strategy adopted in the industry
(i.e. near-field scanning probe method [17]-[19]), a probe
antenna is placed in front of each element one by one using a
positioner in the near field of AiP, which requires accurate
mechanical positioning and precise knowledge of the AiP
antenna configuration. In the far field case, the probe antenna
is typically placed in the broadside direction of AiP where the
excitation discrepancies among elements can be measured in
two modes, i.e. on-off mode [20]-[22] and all-on mode [23]-
[25]. In the on-off mode, one element is enabled sequentially
each time, while all elements are enabled in the all-on mode.
A recent study has shown that the element-to-element dis-
crepancies obtained in the two modes might be different in a
practical AiP [26]. Since the beam-steering operation of AiP
normally works in the all-on mode, the element-to-element
discrepancies obtained in the all-on mode is naturally chosen
as the ground-truth of element discrepancies in the normal
working mode.



However, obtaining the element discrepancies is only the
first step of AiP calibration. The final objective of AiP cal-
ibration is to compensate for the element discrepancies and
perform beam-steering. Although the element discrepancies
obtained in the two modes might be different, it is not yet clear
whether the compensation for the element discrepancies mea-
sured in the traditional on-off mode leads to different beam-
steering performances of AiP in the normal all-on working
mode compared with the compensation for those measured in
the all-on mode. Adopted for the phased array calibration in
sub-6 GHz, the traditional on-off calibration mode has been
directly applied to the AiP in the industry. Therefore, it would
be desirable to validate the applicability of traditional on-off
calibration mode for the beam-steering performance of AiP in
the all-on working mode by investigating the beam-steering
performance difference between the two calibration modes.
Very few contributions have been reported on this study in
the literature.

In this paper, an experimental comparison of the AiP
on-off and all-on calibration modes is investigated for the
beam-steering performance. A beam-steering pattern is defined
in the paper to demonstrate the beam-steering performance
of an electronically-steered AiP. The defined beam-steering
pattern records the change of radiation pattern in the broadside
direction of AiP when the radiation pattern is electronically
steered towards different directions. The experimental results
of AiP beam-steering patterns using the two calibration modes
are compared. Finally conclusions are given based on the
experimental comparison.

II. PROBLEM STATEMENT

In this section, the source of difference between the on-off
and all-on calibration modes of AiP is discussed in terms of
the obtained element discrepancies. As shown in Fig. 1 under
a far-field plane wave assumption, a probe antenna is located
in the broadside direction of AiP to measure the element field
vector (i.e. amplitude and phase) over the air. Assuming the
free-space propagation scenario, the measured field vector F,,
of the n-th element can be expressed as

Aexp(—jkR) {
' 4R ’ 1
where a,, and g, are the initial complex excitation and the
complex pattern in the broadside direction of AiP for the n-
th element, respectively. G denotes the probe pattern in the
broadside direction of AiP. The free-space propagation coeffi-
cient is expressed by the fractional term where \, k = 27/,
and R are the wavelength, the wave number, and the far-field
propagation distance, respectively.

In conventional conducted testing with element ports acces-
sible, the element excitation a,, is measured directly. However,
the element pattern is inherently included in the over-the-
air (OTA) testing where it is not possible to de-embed the
unknown element pattern. Therefore, in practice, the element
pattern discrepancies in the broadside direction of AiP is
included in the measured element field vector discrepancies
among elements. Defining the product of a,, and g, as the
composite excitation ¢, = a,g, for the n-th element, the
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Fig. 1. Illustration of AiP calibration in the far field.

measured element field vector discrepancies generally indicate
the composite excitation discrepancies among elements, which
can be obtained in the on-off and all-on modes of AiP.

Unlike the phased array design in sub-6 GHz, the AiP is
an active device integrating antenna elements and other RF
components (e.g. power amplifiers, attenuators, phase shifters,
power dividers, and switches, etc.). Depending on the AiP
design, the AiP condition in the on-off and all-on modes
might be different in terms of device temperature and element
coupling. The AiP temperature in the two modes is typically
different unless the temperature is properly controlled. The
amplifier output can be changed due to the variation of AiP
temperature, which brings the variation of element initial exci-
tation a,,. On the other hand, the element coupling in the two
modes can be considered as the same on the condition that the
disabled elements are terminated by matched loads in the on-
off mode of AiP. However, this condition is typically unknown
since the AiP is a “black-box” design with all RF components
integrated into a package. Several situations are possible for
the others when one element is enabled in the on-off mode,
e.g. attenuated, powered off by amplifier, matched, etc. For
this reason, the coupling effect is not necessarily the same in
the two modes, which might change the element pattern g,.
Therefore, the measured composite excitation discrepancies
among elements (i.e. element-to-element discrepancies) can be
different due to the variation of AiP temperature and element
coupling in the two modes.

III. SYSTEM MODEL

In this section, the system model of experiment is described
for the measurement campaign later. The experimental system
diagram is shown in Fig. 2 where the far-field plane wave
assumption has to be met in the following descriptions. The
AiP is an L x L uniform rectangular array (URA) with an
element spacing d. A probe antenna is located in the broadside
direction of AiP for the far-field OTA measurements of AiP,
i.e. calibration and beam-steering measurements in the paper.
The scattering transmission parameter S between AiP feed and
probe antenna feed is recorded by a vector network analyzer
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Fig. 2. Diagram of experimental system in the measurement campaign (L = 4
for example).

(VNA) for the measurements. In the calibration measurement,
element excitation discrepancies are first obtained by the
recorded S and then compensated for in AiP. For the beam-
steering measurement of the electronically-steered AiP, the
available phase shifts of elements are simultaneously set in AiP
to electronically steer the radiation pattern beam accordingly.
The recorded S varying with the beam-steering angle of
radiation pattern is defined as the beam-steering pattern in the
paper, which tracks the change of AiP radiation pattern in the
broadside direction when the radiation pattern is electronically
steered to different angles.

A. Calibration Mode

As mentioned in Section II, the AiP calibration is first to
obtain the discrepancies of composite excitation ¢, among
N = L x L elements. The excitation discrepancies among
elements obtained in the on-off and all-on modes are briefly
reviewed below.

1) On-Off: In the on-off calibration mode, N measurements
of S are conducted for N elements. For S, in the n-th
measurement, the n-th element is enabled while the others
are off. Assuming the AiP feed signal F', we have,

E,

7
Relative to the first element, the excitation discrepancy

coefficient o, of the n-th element can be obtained by

Sl o El o (&1 = Gn (3)

2) All-On: Taking the well-known rotating element electric
field vector method [23] for example in the all-on calibration
mode, multiple measurements of S are conducted for each
element. When all elements are enabled in an initial state, the
phase shift of the n-th element is set from 0° to 360° with
a uniform minimal step p = 360°/2% (K is the bit number
of phase shifters). One S measurement is conducted for each
phase shift setting. Based on the 2 4 1 measurements of S

Sn = (2)

for the n-th element, a complex coefficient P, is obtained as
(detailed in [27])
E,

Pnziv
Eqy

“)
where Fy = 25:1 FE,, is the total field vector of N elements
in the initial state. Hence, the excitation discrepancy coefficient
«, of the n-th element relative to the first element in the all-on
mode can be obtained by

P1 B E1 n (&)
After obtaining the element discrepancy coefficients above
in the two calibration modes, the same approaches to compen-
sate for those are employed to make the RF chain aligned in
the measurement system where the amplitude and the phase
compensations are achieved by attenuators and phase shifters,
respectively. The attenuation 3, and phase shift «y, of the
n-th element for element amplitude and phase discrepancies
compensation are set as, respectively

= O (5)

min

|own| = o

- n' €[1,N] 1
Bu=1 : + 516, (6)

max Za, — Zay )

| n€lLN] 1

where |-| and Z{-} denote amplitude and phase of a complex
number, respectively. |- is a round-down operator. £ and p are
the minimal step of attenuation and phase shift, respectively.

B. Beam-Steering Pattern

As shown in Fig. 2, the AiP beam-steering is basically
performed on two planes defined by xy-axes and xz-axes, i.e.
called zy plane and xz plane, respectively in the remaining
of the paper. The beam-steering angles relative to z-axis are
¢ and 6 for xy-plane and zz-plane steering, respectively, as

. A

¢ = 0 = arcsin d’ 8)
where A is the available phase shift between two adjacent
elements in y-axis or z-axis direction. k£ and d are the wave
number and and element spacing, respectively. A = my is
set from —180° to 180° with a uniform minimal step p =
360°/2K i.e. 25 +1 beam-steering angles ¢(m) or 6(m) can
be performed on each plane as

¢(m) = H(m) = arcsin %’ m e [_QK—l, 2K—1}. 9)

For the electronic beam-steering angle ¢(m) and 6(m), the
corresponding phase shift ®,, € [0,360°) of the n-th element
for xy-plane and xz-plane steering is set as, respectively

0-mu,forn=L+ Lh
1-mp mod 360,forn=L -1+ Lh

(L—1)-mp mod 360,for n =1+ Lh
(10)



0-mp,forn=1+L(L—-1)+h
1-mu mod 360,forn=1+L(L—2)+h

(L—1)-mp mod 360,forn =1+ h
an
where h € [0, L — 1]. The operator mod is defined to take
the remainder.

Since the AiP is a URA, the beam-steering can be also
operated over the space angle 2 = {6, ¢} where the desired
beam-steering angles 6 and ¢ are determined in (9). The
steering vector v(Q2) = {v,(Q)} € CV*! of the AiP array
to the desired space angle 2 is expressed as

va(@) = X9 (12)

%
where ) = (cosfcoso,cosfsing,sind) is a unit vector
corresponding to the space angle Q. 7, = (0,yn,2,) is

position vector of the n-th AiP element on the yz plane
where Yn :L[Z((n —1 mod L) — £) +1]d/2 and 2, =
([ — &) +1]d/2

The phase delay ,,(€2) of the n-th element with respect to
the first element can be rewritten as

UV (Q) = Lu, () — Lu1(Q). (13)

Therefore, the available phase shift ®,,(€2) of the n-th
element corresponding to the desired beam-steering angle {2
is set as

B (Q) = | ¥ (2)  mod 360 n EJM
W 2
The radiation pattern P(Ql) steered towards angle {2 and
the corresponding beam-steering pattern (Q(2) recording the
change of radiation pattern P(Q/) in the broadside direction
of Q' = {0,0} can be expressed as, respectively

(14)

N
PQ) =3 ey X (), (15)
n=1
N
Q) =D -/ T, (16)
n=1

where Q' = {0', qbl} denotes the angles of radiation pattern.
Assuming the isotropic element pattern and identical el-
ement excitation (i.e. ¢ = cg--- = cp), the simulated
AiP radiation patterns P((é/) electronically steered to different
angles ¢ on zy plane and the corresponding electronic beam-
steering pattern ()(¢) are shown in Fig. 3(a) and Fig. 3(b),
respectively. With the main beam of AiP radiation pattern
P(¢) in Fig. 3(a) steered away from the broadside direc-
tion of ¢ = 0° (e.g. ¢ > 0°), the nulls and sidelobes of
radiation pattern P(d),) appear in the broadside direction of
AiP in succession. The beam-steering pattern QQ(¢) in Fig.
3(b) records the change of radiation pattern P(¢ ) in the
broadside direction of ¢/ = 0 when the radiation pattern
P(¢') is steered towards different beam-steering angles ¢
in Fig. 3(a). With the beam-steering angle ¢ increasing, the
beam-steering pattern ()(¢) drops first (i.e. shift from main
beam to null of radiation pattern P(¢/)) and then rises (i.e.

Amplitude [dB]

Amplitude [dB]

80 60 -4 20 0 20 40 6 80
¢ [°]
(b)

Fig. 3. AiP simulated pattern on xy plane taking d =545mm, p = 5.625°,
and 28 GHz for example. (a) radiation patterns P(¢ ) for 5 beam-steering
angles ¢; (b) beam-steering pattern QQ(¢) in this paper.

shift from null to sidelobe of radiation pattern P(¢)), and
finally drops again (i.e. shift from sidelobe to another null of
radiation pattern P(¢)), as expected. It can be found that
the main beam, nulls, and sidelobes of the beam-steering
pattern Q(¢) record the main beam, nulls, and sidelobes
of the radiation pattern P(¢') in the broadside direction in
the process of AiP beam-steering, respectively. Therefore, the
defined beam-steering pattern ()(¢) can demonstrate the beam-
steering capability of AiP without the need for the radiation
pattern P(¢) measurement.

IV. EXPERIMENTAL COMPARISON

In accordance with the system model in Section III, a mea-
surement campaign is conducted to experimentally investigate
the difference between the on-off and all-on calibration modes
for the beam-steering performance of AiP in this section. The
measurement results are analyzed and compared following the
measurement campaign.

A. Measurement Campaign

The on-off and all-on calibration modes are experimentally
compared on a mmWave phased array AiP experimental
platform developed at Aalborg University [26]. Fig. 4 shows
the experimental setup in an anechoic chamber that consists of
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Fig. 4. A photo of experimental setup in an anechoic chamber. Note that the
AiP is buried in the absorbers and therefore not seen in the photo.

a mmWave AiP with a DC power supply, a probe antenna (a
standard gain horn antenna), a VNA, and a control computer.
Operating from 26.5 to 29.5 GHz, the mmWave AiP integrates
four AWMF-0158 RF chips and a 4x4 patch array with an
element spacing of 5.45 mm (i.e. L =4, N = 16, d = 5.45
mm). The minimal phase shift and attenuation of phase shifters
and attenuators in AiP are 5.625° and 0.5 dB, respectively (i.e.
p = 5.625° and ¢ = 0.5 dB). The phase shift, attenuation,
and on/off switch of elements can be easily controlled by
commands in AiP. The DC power is supplied for the AiP
with RF amplifiers inside. The probe antenna is located in the
broadside direction of AiP with a distance of 0.73 m larger
than the AiP far-field distance of around 0.18 m. With the
polarization of probe antenna and AiP aligned, ports 3 and 4
of VNA are connected to the ports of probe antenna and AiP,
respectively. The RF cables between each antenna and VNA
ports are calibrated out so that the S parameter in Section
III is obtained by the measured S5 parameter in VNA. 16
and 65x 16 measurements of S,3 are performed for the on-off
and all-on calibration measurements, respectively. In the beam-
steering measurement, 65x2 and 65x 65 measurements of Sy3
are conducted for 2 planes (zy and xz planes) and 3D space
steering, respectively. The AiP calibration and beam-steering
measurements are automatically conducted with the help of
the control computer, which greatly saves time and efforts
of measurement campaign (e.g. 65x65 = 4225 automated
measurements and data storing only take 30 minutes).

22 mm

180726G2A4R10109
PIN : AAIPK428GC-001 14

e

180728G2A4R1010:
PIN : AAIPK428GC-00'

Fig. 5. Photograph of two AiPs in the experiment.

Two AiP samples are investigated in the experiment, as
shown in Fig. 5. AiP-1 and AiP-2 are measured at 29.5 GHz
and 28 GHz, respectively. The calibration and beam-steering
measurements of two AiPs are performed at their respective
frequency. For each AiP, the element discrepancies «, in the
on-off and all-on modes are obtained first by the on-off and all-
on calibration modes (detailed in Section III-A1 and Section
III-A2), respectively. Two beam-steering measurements are
then performed in the normal all-on working mode after
the compensation for the obtained discrepancies obtained
in the on-off and all-on modes, respectively. The settings
of attenuation (3, and phase shift -, for the discrepancies
compensation, and the extra phase shift setting ®,, for beam-
steering are detailed in Section III-A and Section III-B, respec-
tively. In addition, the beam-steering measurement without the
compensation for element discrepancies is also performed to
demonstrate the effectiveness of AiP calibration. Note that
since the compensation for element amplitude discrepancies
is implemented by setting element attenuation in practice
for both calibration modes, both patterns after compensation
behave lower power than the pattern without compensation.
The normalized patterns after compensation are compared in
the following measurement results.

B. Measurement Results

The element excitation discrepancies «,, of AiP-1 obtained
in the on-off and all-on modes are compared in Fig. 6. The
obtained element discrepancies are slightly different between
the two modes. The amplitude and phase errors between the
two modes are +£1 dB and £8°, respectively. The 3D beam-
steering patterns before and after calibration are shown in Fig.
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Fig. 6. Element excitation discrepancies of AiP-1 obtained in the two modes.

7. The beam-steering patterns after the two calibration modes
are improved compared with pattern before AiP calibration,
as expected. Note that the impact of AiP calibration on the
beam-steering pattern is explained in [26], which is not the
focus in this paper. The focus of this work is on the difference
between the two calibration modes. The 3D beam-steering
patterns after calibration seem no difference between the two
modes. For comparison, beam-steering patterns on xy plane
and xz plane after the two calibration modes are shown in
Fig. 8. The difference between the two beam-steering patterns
on xy or xz plane is little in terms of both main beam and
sidelobes area, while the difference is large in the nulls area.

Fig. 9 compares the element discrepancies obtained in the
two modes for AiP-2. The element discrepancies of AiP-2 are
largely different between the two modes. The amplitude and
phase errors between the two modes are £2.5 dB and +20°,
respectively. Fig. 10 shows the beam-steering patterns after
the two calibration modes on two steering planes. In the main
beam pattern, there is no difference between the two modes.
However, large difference exists in the nulls and sidelobes.

The measurement results show that the on-off and all-on
calibration modes of each AiP obtain the same beam-steering
performance for the main beam pattern. Since the element
branch discrepancies obtained in the two modes are to some
extent different, the actual element excitation distribution in
the normal all-on mode is somewhat different as well after
the compensation for the element discrepancies obtained in the
two modes, i.e. two actual element excitation distributions for
the two calibration modes. However, the main beam pattern
is not sensitive to the element excitation distribution error.
Therefore, the same main beam patterns can be observed for
the two different element excitation distributions in the all-on
working mode.

V. CONCLUSION

This paper experimentally investigates the difference be-
tween the on-off and all-on calibration modes in terms of
the obtained element excitation discrepancies for the beam-
steering performance of mmWave phased array AiP. Each
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Fig. 7. 3D beam-steering patterns of AiP-1. (a) without calibration; (b) after
on-off calibration; (c) after all-on calibration.

calibration mode is to first obtain the element excitation
discrepancies in this mode and then to compensate for those
for the beam-steering in the normal all-on working mode. The
element discrepancies obtained in the two modes might be
different in a practical AiP design, e.g. =1 dB amplitude and
+8° phase difference for AiP-1, while +2.5 dB and £20°
difference for AiP-2 in our work. When the discrepancies
difference is slight, the two calibration modes lead to the same
beam-steering performance in the main beam and sidelobes.
However, the beam-steering performance is different in terms
of both nulls and sidelobes when the discrepancies difference
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Fig. 9. Element excitation discrepancies of AiP-2 obtained in the two modes.

between the two calibration modes is large. In this case, the
two calibration modes bring about the same beam-steering
performance only in the main beam pattern. Whether the
discrepancies difference between the two calibration modes
is small or not, the same beam-steering performance can
be obtained after the two calibration modes for the main
beam pattern. Therefore, for beam-steering applications where
main beam is the focus, e.g. mmWave cellular handset, it
does not matter which calibration mode is used. In this case,
the conventional on-off calibration mode will not change the
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Fig. 10. Beam-steering patterns of AiP-2 on two planes after the two

calibration modes. (a) xy plane; (b) xz plane.

beam-steering performance using the all-on calibration mode,
though the two calibration modes obtain different excitation
discrepancies. However, the difference between the two modes
in terms of nulls and side-lobes might be non-negligible for
some applications, e.g. mmWave base station. The main reason
is that nulls and sidelobes of array pattern are more sensitive
to element complex excitations, while main beams are not.
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