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ABSTRACT Calibration is essential to optimize the performance of any radio transceiver during its
development and manufacturing processes. This paper proposes over-the-air (OTA) calibration methods
based onmeasuring and calibrating the phases of phased array transceiver paths. The phase responses of each
signal path with all phase shifter states were characterized using an OTA radio link in the transmission and
receptionmodes. Scattering parameter measurements give amplitude and phase responses over the frequency
range, which can be converted to the delay domain with the Fourier transform. In this paper, two new delay
domain phase calibrationmethods are presented and comparedwith a previously presented frequency domain
method. The best performance was achieved with the relative phase calibration method in the delay domain
which uses all measurement data to find the calibration values. The other two methods, i.e., the absolute
phase calibration method in the delay domain and in the frequency domain, use the average phase as the
calibration value. OTA radiation pattern measurements from two prototype 5G millimeter wave transceivers
were used to compare the RF performances of the calibration methods, and measurements were performed
with a 100 MHz 5G new radio waveform. The radiation patterns were analyzed based on direction accuracy,
power level, and side lobe level, to give a few examples. The transceiver units were calibrated using the three
studied methods, and while having significantly different uncalibrated performances, after calibration, both
transceivers were tuned to similar performance levels.

INDEX TERMS 5G, beamforming, calibration, millimeter-wave, phase shifter, phased array, transceiver,
wideband.

I. INTRODUCTION
Fifth generation (5G) communications on the frequency
range 2 (FR2) [1] and forthcoming sixth generation (6G)
communication systems [2] utilize active antenna arrays
to increase the effective isotropic radiated power (EIRP)
of the transmitter (TX), enhance the noise figure of the
receiver (RX), and separate or at least sectorize users to
different directive beams. It is necessary to utilize high carrier
frequencies to obtain more bandwidth for the communication
to achieve the extreme data rates up to 1 Tbps envisioned by
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the 6G [2]. Antenna arrays are specifically important when
using high operating frequencies, such as mmW [3] or sub-
Terahertz (sub-THz), to compensate for the reduction of gain
caused by the smaller aperture of a single antenna element [4].
With the larger effective aperture of the antenna array, the
gain is increased and achievable link range is expanded
without using high transmission power, which is also difficult
to achieve with high-frequency devices.

A. WHY SHOULD WE CALIBRATE?
Individual antenna elements and their driving RF circuits
have inherent phase and amplitude response variations due
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to manufacturing tolerances [5]. Hence, calibration can help
obtain the best possible performance of the antenna array
system. Some studies have suggested that calibration is
not mandatory, e.g., in [6] and [7] to achieve the required
performance. However, this requires that the radio frequency
(RF) unit and the antenna solution are tightly integrated with
small manufacturing tolerances. Even in highly integrated
solutions, usually, several integrated radio modules are
used to construct large arrays. Another argument against
calibration is the averaging effect, which evens out the
possible amplitude and phase variation in different antenna
paths when the number of antennas increases [8]. However,
averaging does not guarantee the best possible performance
since it assumes uncorrelated errors between signal paths.
In most cases, averaging stabilizes the radio performance,
but calibration also improves the worse-performing radios to
achieve the required performance.

The 5G specification [1] defines tolerances for the trans-
mitted radiated power in a specified beam direction claimed
by the manufacturer. The phase and amplitude calibration
of the antenna array is a viable option to guarantee that the
tolerances are met over a large number of devices. In addition,
maximization of the output power by the calibration is one
key system-level performance optimization parameter. It has
a direct impact on cell coverage and to the cost of the network.
A radio unit supporting a wide range of operating frequencies
requires calibration for every supported frequency band.
In phase-controlled arrays, the frequency difference between
the calibration frequency and the signal frequency causes
beam squint [9], which changes in the steering direction
as a function of frequency. Phase uncertainty of the phase
shifters needs to be taken into consideration in the calibration
process. For example, with vector sum phase shifters it is
easier to implement higher resolution than with switchable
phase shifters, but vector sum phase shifters require separate
calibration procedures for the best possible operation [10].

B. STATE-OF-THE-ART PHASE CALIBRATION METHODS
Successful calibration requires characterization measure-
ments of the amplitude and phase of individual TX or RX
paths, together with the connected antenna elements. The
phase can be measured by changing phase and observing the
amplitude changes of combined signal from the array [11] or
by measuring scattering parameters (S-parameters) between
the antenna array and a measurement antenna [12] by
exciting all elements with a designed excitation matrix. Code
modulation of phase shifter input was used to resolve the
phase and amplitude of the array by using a built-in self-
test (BIST) in [13]. The same method was used for OTA
measurements in [14].

OTA measurements are preferred to be performed in the
far-field, but also near-field measurements can be used for
the phase array calibration, as well [15]. The near-field
method is commonly used in phased antenna array radars [16]
since their far-field distances are large compared to available

laboratory dimensions. Near-field measurement requires
precise movement of the measurement probe and the same
probe movement raster as the antenna raster, to keep channel
response constant for all antenna elements. Measurements
can also be performed in midfield [17], where measurement
distance is in the near-field of the antenna array but in the
far-field of the individual antenna element. The mid-field
measurement requires precise movement of the measurement
antenna and calculating the compensation factor compared to
the far-field case.

One simple and efficient way to measure an antenna array
in far-field is to measure every antenna individually [18].
However, this requires that antenna elements are activated
and deactivated one at a time, or otherwise separated in time,
frequency, or code domains. Antenna separation by different
spreading codes is impossible with the phased array if it
has only one shared digital signal path. Transmit-reception
switches are used in time-division duplex (TDD) systems
to connect reception and transmission paths to a shared
antenna element [19]. The 5GmmW prototype unit [20] used
as the measurement platform in this paper is implemented
with TDD switches. TDD switches can be used to activate
individual antenna paths during the calibration.

C. CONTRIBUTIONS
This paper presents an OTA method for calibrating the phase
shifters used in mmW antenna array transceiver (TRX) by
using an extensive set of S-parameter measurements. The
previously presented frequency domain phase calibration
method in [21] uses averaged phase responses of individual
paths over the frequency band of interest in order to calculate
the phase errors and the calibration coefficients. In this paper,
we extend the phase calibration method in frequency domain
to delay domain calibration method. The main benefit of
using the delay domain method is the possibility to filter out
the unwanted signal reflections caused by the measurement
environment.

The frequency domain S-parameter results are converted
to the delay domain via inverse Fourier transform (IFT).
The delay domain analysis uses either the average phase
information, in this paper called absolute calibration, or the
full phase information over phase shifter states, in this paper
called relative calibration, to calculate the calibration values.
In addition to the phase errors, also amplitude variations
of the individual paths are studied. The OTA measurements
and calibrations are performed for two different RF units,
both operated in TX and RX modes. Performances of three
calibration methods are verified with OTA radiation pattern
measurements and analyzed by using several performance
indicators, like mainlobe and null position and sidelobe
level to mention few. The performance indicators are also
compared with theoretical values.

The paper is organized as follows. Section II describes the
principles of antenna array calibration. Section III introduces
the used prototype RF unit and the calibration measurement
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FIGURE 1. Simplified illustration of different types of errors in antenna
array paths.

setup. Measurement results are then analyzed in Section IV to
extract phase informationwith twomethods. In SectionV, the
phase information is used to create absolute and relative phase
calibration and amplitude variations are studied. Radiation
patterns are measured and analyzed in Section VI to verify
the effectiveness of the calibration. Finally, Section VII
summarizes the work.

II. ANTENNA ARRAY CALIBRATION
Traditionally, antenna array calibration aims to minimize
the deviation of amplitude and phase from the expected
values. The errors can be divided into static and dynamic
parts [22]. The static errors in gain ge and phase θe, are not
varying over time and are caused, for example, by component
variations, manufacturing tolerances, and mutual coupling
between antenna elements. On the other hand, dynamic errors
ge(t) and θe(t) are time-dependent and can be caused by
ambient temperature change or, e.g., component aging. The
static error can be corrected with one-time calibration, which
is performed during the manufacturing process. Dynamic
errors require refreshing the calibrations, depending on the
change rates of phase and amplitude. Either, a completely new
measurement set or a reference measurement is needed. The
reference measurement can be used to tune the calibration
values according to the known behavior of the radio
unit.

Since both phase and amplitude controls are not ideal in
real implementations, there is also variation of the phase
and amplitude when changing the controlled value. In Fig.1,
these variations are presented with ge(θ, g) and θe(θ, g).
Examples of these errors are a phase shifter which in
many practical implementations changes also amplitude and
amplifier biasing which also rotates the phase of the signal.
Additionally, both controls usually have uncertainty in the
parameter that they are controlling.

In the used 5G mmW radio unit, the phase and amplitude
control are digital [23]. Hence, the accuracy limit is defined
by the number of bits Nbits in the control word. Phase
control resolution is 360◦/2Nbits , which defines the fidelity
of the calibration [15]. In OTA measurements, the physical
alignment of the measurement antennas has an impact on
the calibration accuracy. However, if the calibration error is
smaller than the control resolution, it has only a minor effect
on the calibration result.

In the antenna array, the incoming or outgoing signal
phase and amplitude define the radiation characteristics of
the complete array. The direction of maximum radiation can
be changed by controlling the individual antenna element’s
phases [5]. The side lobe levels of radiation pattern can be

reduced with amplitude control [24]. Amplitude level change
alone does not change the direction of the radiation. The
dominant factors for creating a calibrated radiation pattern
of the array are the relative phases and amplitudes between
the antenna elements [16]. Due to this reason, the phase and
amplitude error of the radio unit’s common signal path does
not affect the radiation pattern.

In this paper, we concentrate on calibrating the static
and control errors. The static error over antenna paths is
commonly calibrated, but also error over phase shifter states
is considered in this paper. The temperature variation of the
unit was only considered on the TX measurement by letting
the temperature of the unit stabilize before performing the
calibration measurements, since the power amplifiers (PAs)
have the most significant effect on the temperature of the unit.

III. 5G MMW PROTOTYPE AND CALIBRATION
MEASUREMENTS
A. MEASURED PROTOTYPE RF UNIT
In this work, a 5G mmW backhaul prototype radio unit
presented in [20], [23], and [25] was used as a demonstration
and measurement platform. The unit consists of two identical
16-channel 28 GHz RF beamformers that are placed on
the same mechanics together with the control board. Each
of the transceiver paths is connected to a 2 × 2 subarray.
Hence, one antenna array has 16 ports that drive 64 antenna
elements. The subarrays are placed in 8 × 2 formation [26]
with a spacing of λ at 28 GHz. The unit is designed for
hybrid beamforming [27], where both analog beamforming
and multiple input multiple output (MIMO) can be used
simultaneously [28]. In this work, we concentrate on the
analog beamforming part of the unit and propose a calibration
method for it. The prototype radio unit was designed to be
used as backhaul radiowith fixed link location, hence steering
capability was designed to ease up the installation of the
system, not to support user mobility. For this reason, design
choices were made to obtain rather more gain with a narrower
beam, but the same time limit range of steering angles.
Controllable sub arrays are λ spaced generating grating lobes,
which become visible with steering angles greater than±10◦

at observation angles used in this work.
A simplified block diagram of a single RF beamformer

board is presented in Fig. 2. It can control the phases of
the 16 transceiver paths individually by passive 5-bit phase
shifters (32 phase states) with 11.25◦ steps. The same phase
shifters are shared by the TX and RX paths. Phase shifters
are not ideal, and hence their phase and amplitude error
depend on the control word and operating frequency. The
gains of the array halves are tuned with 5-bit controllable
attenuators over 31 dB range in order to perform automatic
gain control (AGC). Individual paths do not have independent
amplitude control. Nevertheless, in TX mode, the amplitude
of individual antenna ports can be controlled by varying the
PA gate bias. However, varying the PA operation point has an
impact on the phase response of the antenna path [29].
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PIN diode switches are used to separate TX and RX paths
in TDDmode. The switches can also be configured to disable
and enable individual paths for calibration measurements
as proposed in [19] and [21]. The TX paths are equipped
with gallium nitride (GaN) PAs, whereas the RX paths have
gallium arsenide (GaAs) low noise amplifiers (LNAs). Thus,
separate measurements and compensations are needed for TX
and RX paths to achieve reciprocal behavior that is crucial for
TDD systems. A GaAs subharmonic mixer converts a 4 GHz
intermediate frequency (IF) to the 28 GHz RF.

FIGURE 2. Architecture of 5G mmW prototype RF beamformer board
from [21].

In this design, discrete RF components are mounted
on a printed circuit board (PCB). The antenna array is
implemented on another PCB that is attached to the RF board
by using SMPM bullet connectors. Hence, the main sources
of phase and amplitude error on the RF PCB are variations
between the components, wire bonding, and component
assembly. Also, the individual antenna elements and the
attachment of the antenna array PCB to the RF transceiver
PCB may cause significant amplitude, and in particular,
phase error. For example, antenna matching [30] has a
direct impact on the PA operation, that in turn has a direct
impact on the overall phase and amplitude of the specific RF
path.

The analog beamforming weights, i.e., the phase shifter
values of each RF path are calculated using the dis-
crete Fourier transform (DFT) method [31]. The method
creates a progressive phase excitation to the antenna
ports [32]. For storing phase calibration and PA biasing
values Microchip 24AA025E48 2 kbit EEPROM chip was
used.

B. OTA CALIBRATION MEASUREMENT SETUP
In 5G, the overall RF performance is characterized by using
OTA measurements [1]. Moreover, as the OTA responses
include all the errors of the platform, the calibration
measurements should also be performed OTA. As the input
of the TX mode is on IF and the output is at RF (or vice versa
in RX mode), the measurements must be performed over
frequency conversion. Traditionally, the phase of the signal
is challenging to characterize over frequency conversion,
at least without using a reference signal or a reference mixer.
In order to overcome this, we use the full mmW link, i.e.,
both TX and RX, to enable the OTA measurement of each
individual TRX path. The local oscillators (LOs) of both TRX
units are locked to the same frequency reference to enable
static phase over a long measurement period. The overall
measurements are performed from the TX IF port to the RX
IF port. Hence, the OTA measurement can be done without
mmW frequency support from the measurement equipment.

FIGURE 3. OTA calibration measurement setup from [21].

FIGURE 4. Photographs of 5G mmW OTA measurement setup.

The block diagram of the measurement setup is presented
in Fig. 3, and a photograph of the setup is shown in Fig. 4.
The OTA setup was placed in an RF anechoic chamber
to reduce external interferences. We used PNA-X vector
network analyzer (VNA) to measure S-parameters between
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the device under test (DUT) and a reference RF unit in the
OTA calibration measurements. Two RF units were measured
in both the RX and TX mode, other unit acting as a reference
unit. The measurements were conducted to all antenna paths
with all phase shifter states using the TRX switch to enable
and disable paths and direct digital control to change phase
shifter control words.

The calibration measurement time for the whole antenna
array was approximately 10min with 512measurements. The
calibration time is dominated by the measurement, the time
for post-processing data is insignificant. If the calibration
method would be used for a larger array, the measurement
time would increase linearly as the number of antennas is
increasing. The calibration measurements were automated
by Matlab-based control software. Measurement system
calibration is not needed because the phase measurement
is relative, and hence the calibration is performed by
normalizing with a reference antenna path. The effect of
RF cabling used in the measurement setup becomes evident
in the delay domain data analysis, which is discussed in
Chapter IV-A.

IV. PHASE MEASUREMENT ANALYSIS
The S-parameter measurements were performed over the
whole operational bandwidth of the DUT, ie. at 26.2 –
29.0 GHz RF with the fixed LO frequency of 12.0 GHz.
With the sub-harmonic mixer used, this corresponds to 2.2
– 5.0 GHz IF. The measured 2.8 GHz bandwidth covers
full n261 and most of the n257 bands at FR2 of the 5G
standard [1]. Multiple bandwidth options are specified for
FR2; options are 50, 100, 200, and 400 MHz. In this work,
100 MHz was selected as the signal bandwidth (BW) for
further analysis.

A. DELAY DOMAIN IMPULSE RESPONSE ANALYSIS
Measured S-parameter data are first converted to the
delay domain. The delay domain analysis is beneficial if
measurements need to be done in a multi-path environment
since it enables selecting only the line-of-sight path of the
signal. In lab environment, multi-path components can be
controlled, but more significant multi-path environments are
also possible calibration locations when the delay domain
filtering is used. A flow diagram of the delay domain analysis
is presented in Fig. 5 (path IV-A). Inverse fast Fourier
transform (IFFT) is used to convert the S-parameter data
S21,i,k(f ) to delay domain impulse responses (IR) hi,k(τ ),
where i is the TRX path and k is the phase shifter state.
The measurement parameters must be adequate to capture all
required propagation delay taps after the IFFT. Themaximum
detectable delay is defined as

τmax =
1

1f
=
Npoints − 1
BWmeas

, (1)

where Npoints is the number of frequency points, BWmeas
is the measurement bandwidth, and 1f is the separation
between adjacent frequency points. In our measurements,

BWmeas = 2.8 GHz andNpoints = 2801, leading to maximum
delay of τmax = 1 µs which corresponds around 300 m
maximum propagation distance in free space. This is more
than enough to accommodate the delays of the OTA channel
and the measurement setup including the electrical length of
the RF cable.

The IR of a single TRX path with all 32 phase shifter
states is shown in Fig. 6. The delay is further converted
to propagation distance in free space in order to ease the
analysis of the individual propagation paths. Note that for
the sake of clarity, only amplitudes are presented. However,
the measurement results contain complex-valued data, thus
including the phase of each tap in the IR. We should note
that the phase shift as such does not change the delay
significantly and hence all measurements look very similar
in amplitude. The IR data show multiple propagation paths
because the signal is reflecting forth and back from the
aluminum bodies of the RF units. An illustration of this is
presented in Fig. 7. The position of line-of-sight (LOS) path
is defined by the measurement cable’s length and the OTA
propagation distance. The electrical lengths of the cables
were approximately 3 m at both ends of the link and the OTA
distance was 4 m. This leads to around 10 m total propagation
distance. In Fig. 6, the propagation distance of the LOS peak
is 10.8 m. The majority of the additional electrical length
originates from the RF units. The reflections, seen in Fig. 6,
are separated by two times the measurement distance. The
reflections are rather substantial because the RF units were
aligned accurately to face each other. The amplitude of the
reflected signal was significantly reducedwhen the alignment
was changed. However, accurate alignment is essential for
accurately characterizing the phase of each path.

For frequency domain data, multiple propagation paths
cause fading to the phase and amplitude responses, which
impact the phase measurements and, eventually, the calibra-
tion coefficients. However, proper IR analysis over a wide
enough bandwidth can mitigate this effect by choosing only
the desired propagation, i.e., LOS path for the phase and
amplitude analysis. The propagation path with the maximum
amplitude is selected for the further analysis. There is no
need for the reference measurement or the VNA calibration
since the data are gathered only from one delay tap. However,
the method requires that the maximum amplitude delay tap
should not change between the phase shifter states or active
TRX paths.

V. CALIBRATION METHODS
In this section, two different phase calibration methods are
presented. In the first method, only a single calibration
coefficient per TRX path is defined by using the delay domain
data to minimize the phase offset of each TRX path. The
delay domain data are also used to calculate the beamforming
coefficients to each spatial direction based on data from all
TRX paths and phase shifter values in the secondmethod. For
the TX, the amplitudes of the paths are balanced by using PA
biasing before calibrations to highlight the impact of different
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FIGURE 5. Flow diagram of the calibration processes. The delay domain analysis (path IV-A) is discussed further in Chapter IV-A, the absolute phase
calibration (path V-A) in Chapter V-A and the relative phase calibration method (path V-B) in Chapter V-B.

FIGURE 6. IR of a single TRX path over different phase shifter values and
full measurement bandwidth. Multiple paths shown in the IR are
multi-bounce reflections from the mechanics of the TRX units.

FIGURE 7. Illustration of the direct path and the multi-bounce reflections
between the TRX units.

phase calibration methods. The phase calibration methods are
applied for TX with and without amplitude calibration. For
RX, only the phase is calibrated due to the lack of amplitude
control.

Algorithm 1 Calculate Steering Vector w⃗c

1: Input: θi,k ∀ i, k
2: for all i do
3: calculate: θi← average θi,k
4: Store θi to EEPROM as calibration vector c⃗
5: end for
6: Output: w⃗c← w⃗− c⃗

A. ABSOLUTE PHASE CALIBRATION IN DELAY DOMAIN
The first method uses the average over all phase shifter states
of each TRX path as the calibration coefficient.

A flow diagram of both phase calibration methods is
presented on the right side of Fig. 5. Absolute phase
calibrationmethod in the delay domain (paths V-A) calculates
only a single calibration coefficient per TRX path i. The
calibration coefficients c⃗ are saved into the electrically
erasable programmable read-only memory (EEPROM) of
the radio unit. The calibration vector is subtracted from the
original beamforming vector w⃗ of each steering angle βs in
the TRX unit. This method is also presented in Algorithm 1.
The complex-valued phase and amplitude errors of beam-

forming coefficient, i.e., the measured weight subtracted by
the ideal weight for all TRX paths, are presented in Fig. 8.
Hence, 32 data points are drawn for each of the 16 TRX
paths. The averages of each radio path’s data are set as the
calibration coefficient. For this particular TRX array design,
two 8-element antenna rows have different phase offsets.
Thus, they are located on different sides of the circle. The
average calibration aims to rotate the point clusters close
to the zero angle. Hence, the average calibration does not
compensate for all phase variations over the states, and
the residual variation depends on the phase shifter itself.
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FIGURE 8. Normalized errors presented in IQ plane over different phase
shifter states and TRX paths. The errors are calculated as a difference
between the ideal and the measured beamformer coefficients. The
deviation over different states shows the amplitude and phase error
across the states whereas the location of the point centroids shows the
static error of each TRX path.

Calibrating only the average would probably be sufficient
for high-accuracy phase shifter implementations. However,
the information of the residual variation can improve the
calibration, and this technique is discussed in the following
section.

B. RELATIVE PHASE CALIBRATION IN DELAY DOMAIN
The main idea of the second method, called relative phase
calibration in delay domain, is that the measured variations
are not treated as errors, and the entire beamforming
codebookWc is rebuilt based on the measurements.
This phase calibration method is using specific calibration

coefficients for each beam steering angle. The entire data set
θi,k measured from all TRX paths i, and phase shifter states
k can be used to find the best possible combination to steer
the beam in a certain spatial direction. Furthermore, instead
of using a single TRX as a reference phase, the reference
φ is chosen such that it can be different for every steering
angle. The same kind of idea, where the reference was
selected from phase shifter states, is presented [18]. In our
method, the reference can be selected freely. Simulations
for generating nulls with vector modulator phase shifter and
similar calibration method was presented in [33]. A flow
graph of the relative phase calibration is shown in the lower
right side of Fig. 5 (path V-B). The same procedure is
presented in more detail with Algorithm 2, where w⃗βs is the
ideal beamformer and w⃗c,βs is the calibrated beamformer.
s⃗βs,φ is used to store beamformer candidates calculated with
different reference phase values. For each desired steering
angle βs, the ideal beamformer is rotated by small φ steps in
the IQ unit circle. For every rotation step and steering angle,
we calculate the root-mean-square (RMS) error between the
ideal and measured beamforming coefficients as

εβs,φ =

NTRX∑
i=1

|sβs,φ,i − ejφwβs,i|
2, (2)

Algorithm 2 Calculate CodebookWc

Require: θi,k ∀ i, k
1: for all βs do
2: for all φ do
3: for all i do
4: Find: k̂ ← argmin

k∈1,...,2Nbits
|θi,k − ejφwβs,i|

5: Store the best: sβs,φ,i← θi,Ok
6: end for
7: εβs,φ ← Calculate (2)
8: end for
9: Find: φ̂← argmin

0≤φ<2π,φ∈R
εβs,φ

10: Store the best: w⃗c,βs = s⃗
βs,φ̂

11: end for
Ensure: Wc =

[
w⃗c,1 . . . w⃗c,βs . . . w⃗c,Nβ

]

where NTRX is the number of TRX paths. The smallest
error is selected and the corresponding values are used
as the steering vector w⃗c,βs for each particular steering
angle. In the experimental setup the onboard EEPROM
was not large enough for storing the calibration vector due
to the fact that each steering angle requires its own set
of calibration coefficients. Instead, the phase shifters are
controlled individually with codebookWc.

Some phase shifter values were at a significantly lower
amplitude than others due to the wire bonding and the die
attachmentmanufacturing defects of the bare die phase shifter
components. Those values are located close to the origin
in Fig. 8. These phase shifter values were discarded in the
relative phase calibration vector by setting a threshold for
the amplitude shown in Fig. 8. An 8 dB threshold compared
with the highest power level of the TRX path was used. All
samples inside the threshold circle were discarded and the
rest of the phase shifter values were used for beam steering
purposes. Regardless of the screening of data, a good enough
steering vector was found for demonstration purposes.

In the absolute phase calibration method, the effect of
low amplitude samples is mitigated since the final phase
calibration value is based on the average of the complex
values and the low amplitude reduces the influence of the
phase of those samples.

C. TX GAIN CALIBRATION AND IMPACT OF AMPLITUDE
VARIATIONS
Especially in case of large amplitude errors, the phase only
calibration may not be enough to achieve accurate beam
steering. Moreover, the amplitude errors affect the phase
errors, and those have a combined effect on the system.
In our measurement platform, the amplitude variation was a
more severe problem in the TX than in the RX. Furthermore,
as the TRX path did not have path-specific amplitude
control, the impact of amplitude errors was studied on the
TX, only. The TX amplitude control of the antenna array
was implemented by varying the bias currents of the PAs by
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controlling their gate voltages [29]. However, due to the fact
that the PA biasing has an impact on the phase of the signal,
the bias values were set prior to the phase calibration.

Two sets of PA operation points were used in the
measurements: (i) equal bias currents and (ii) equal output
powers. First, equal bias currents were applied to all PAs.
Maintaining the PA currents equal is usually considered as
the default PA calibration that aims to operate all PAs in the
same operation point. However, equal current leads to varying
output powers from different TX paths in our platform.

In second scenario, bias currents were set individually for
each PA, based on individual TX path OTA output power
measurement over a 100 MHz channel bandwidth, so the TX
powers were as close as possible to each other to achieve
uniform amplitude excitation. The individual bias currents
were tuned down from the equal current scenario to guarantee
PA stability in non-usual operation modes. In the following
sections, this method is called amplitude calibration. Note
that it does not utilize all available output power of the
TX array. However, it is the only way to equalize the
amplitude variations over TX paths and achieve the best phase
calibration performance in our measurement platform.

Normalized average gains over the phase shifter states of
all TX paths from two different RF RF units are presented in
Fig. 9a. Range of maximum andminimum values is presented
with an error bar since the gain varies over the phase shifter
control words. The maximum gain is used as reference for
normalization of gains in each biasing scenarios (cases (i)
and (ii)). Significantly lower gains of individual phase shifter
states are omitted from Fig. 9a since those are not used in the
phase calibration. A significant variation of TX path gains
is observed when the PAs are biased to the equal current.
Especially with RF unit 1, paths 1-8 have much higher gain
than the others, that was caused by the unequal gains of
the first driver stage amplifiers where the signal is divided
into the halves of the array, as shown in Fig. 2. There is no
apparent difference between array halves in RF unit 2, but
the amplitude fluctuates between paths. As expected, the TX
amplitude level stays much flatter after the adjustment of PA
bias values.

The RX amplitude levels from both RF units and the results
normalized to the maximum amplitude of each board are
shown in Fig. 9b. There is some variation in the RX amplitude
levels, but no possibility to adjust the amplitude levels of the
individual RX paths in the used RF platform.

VI. ARRAY RADIATION PATTERN MEASUREMENT
RESULTS
A. PHASE ERROR DISTRIBUTION OF DIFFERENT
CALIBRATION METHODS
The distance of steering vector phases from the ideal
values can be extracted from the calibration measurements.
All measured steering angles were analyzed with different
calibration methods, and the results are shown in Fig. 10.
The figure is limited to ±90◦ for better readability, but

FIGURE 9. Gain variation over antenna paths on (a) TX and (b) RX,
measured from IF of the DUT to IF of the reference unit over 100 MHz
bandwidth. Maximum and minimum gain over phase shifter states is
presented with error bar. Gains are normalized to maximum value of each
measurement.

uncalibrated samples extend to full rotation on the unit circle.
Since phase errors are distributed on a unit-circle, where
+180◦ and −180◦ represent the same phase error, the error
distributions can not be analyzed with standard distribution
functions. Instead, circular distribution function [34] was
used to create a fit to the measured data. Circular distribution
can be thought as linear distribution wrapped around the unit-
circle, so the phase error can not have arbitrarily large values,
but values wrap around at ±180◦.

FIGURE 10. Phase error distribution over all phase shifter states used for
steering the radiation pattern. Distribution fits calculated with circular
distribution function which can process data on the angular values of
±180◦. The figure is limited to ±90◦ for better readability.

Uncalibrated samples have a visible peak at 0 error
since each steering vector has one 0 error sample which is
used to compare other observations. Uncalibrated samples
have standard deviation of σ = 58.8◦. In the absolute
calibration, the reference for all steering angles is selected as
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FIGURE 11. RX radiation pattern measurement setup from [21].

FIGURE 12. Power levels and gains in different parts of the radiation
pattern measurement setup.

FIGURE 13. Illustration of the figures of merit used to describe the
performance of the calibration methods.

the average of phases over phase control words, this means
that fewer samples are precisely at 0 error. Most of the
samples are located half phase shifter resolution away from
0 error, making the shape look like bimodal distribution.
Nevertheless, to compare performance with other methods,
distribution was calculated with circular distribution function
and a deviation of σ = 20.3◦ was achieved. The phase
reference is selected for each steering angle separately in the
relative calibration method, and the error values are centered
around the 0 error value, with the smallest standard deviation
of σ = 3.3◦.

FIGURE 14. Normalized RX radiation patterns measured with 5GNR signal
with and without calibrations over ±45◦ and (b) a zoomed-in version to
observe better the differences. The example steering angle is −4◦.

B. MEASURING RADIATION PATTERNS
The performances of the calibration methods were validated
by radiation pattern measurements with a 5GNR waveform.
The measurements were performed with and without phase
calibrations. Two RF units (1 & 2) were measured in RX
and TX modes. The phase calibrations are applied with and
without amplitude calibration in TX mode. An RF frequency
of 28.0 GHz was used in the measurements, and the IF
frequency was set to 4.0 GHz. The radiation patterns were
measured with steering angles−10◦,+10◦, and from−5◦ to
+5◦ with 1◦ steps. A phase interpolation method [7] was used
to achieve higher steering angle resolution than theoretically
possible for 5-bit phase shifters.

The OTA radiation pattern measurement setup is presented
in Fig. 11. The RF unit is mounted on a rotating table
and rotated over azimuth quarter-plane of [−45◦,+45◦]
with 1◦ steps. The DUT is fixed during the calibration,
and the rotating table is used only for the performance
characterization. Traditionally, a continuous wave (CW)
signal is used in radiation pattern measurements. We used
a 100 MHz wide 5G NR 64-QAM CP-OFDM modulated
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FIGURE 15. Normalized RX radiation patterns measured with 5GNR signal
with and without calibrations over ±45◦ and (b) a zoomed-in version to
observe better the differences. The example steering angle is +10◦.

signal [1] to emulate a typical operation condition of the unit.
The test signal was generated with an arbitrary waveform
generator (ARB) and upconverted to 28 GHz with a vector
signal generator (PSG) in the RX measurement. A standard
gain horn antenna (A-info LB-28-15) was used as a reference
antenna to radiate the test signal towards the DUT. The signal
analyzer (UXA)measured the 100MHzwide test signal at the
IF frequency. The TX measurements were performed with a
similar setup, but the UXA was connected to the reference
antenna and received the signal at 28 GHz. The PSG and
the ARB were used to feed the modulated signal to the
DUT at the IF frequency. The reference antenna was placed
perpendicular to the antenna array center point 4 m away
from the array when the rotating table position was 0◦. Line
lasers were used for accurate alignment. We programmed a
Matlab-based control software to automatize the radiation
pattern measurements.

The signal level attenuates when the beam is steered
away from the broadside direction of the antenna array. This
behavior is caused by a change of patch antenna illumination
when the antenna is physically rotated [24]. The antenna
element radiation pattern includes a sub-array pattern [26],

FIGURE 16. Normalized TX radiation patterns measured with 5GNR signal
with and without calibrations over ±45◦ and (b) a zoomed-in version to
observe better the differences. The example steering angle is +5◦.

which affects the amplitude of the radiation pattern. Antenna
array offset affects radiation pattern angles by deviating the
measured samples at the edge of the radiation pattern. These
effects were compensated from the measurement results
mathematically. Furthermore, the measurement results were
compared with the theoretical ones.

The link budgets of the RX and TX OTA measurements
are shown in simplified block diagrams in Fig. 12. Calculated
free space path loss (FSPL) for a 4 m measurement distance,
and the center frequency of 28 GHz is 73.4 dB based on [35].
The cable losses on RF and IF were LRF = 7.3 dB and
LIF = 5.8 dB. The reference antenna gain (GRef) was
14 dBi. The reference antenna gain, the cable losses, and the
free space path loss were subtracted from the measurement
results. In TX mode, EIRP was used to measure the signal
levels, and in RX mode, RX gain (GRX) was used to
compare the effect of different calibration methods on signal
levels. In the TX measurements, the signal generator power
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FIGURE 17. Combined calibration figures of merit of RX analyzed across all 13 different steering angles at 28GHz for RF unit 1.

FIGURE 18. Combined calibration figures of merit of RX analyzed across all 13 different steering angles at 28GHz for RF unit 2.

FIGURE 19. Combined calibration figures of merit of TX analyzed across all 13 different steering angles at 28GHz for RF unit 1.

PSG = 0 dBm, and in the RX measurements PSG = 5 dBm
was used.

The key performance indicators to be analyzed based on
the radiation pattern measurements are the main lobe level,
side lobe level, 3 dB beamwidth, main lobe position error,
and null position error. The definitions of the indicators
are graphically illustrated in Fig. 13. The indicators are
calculated for each steering direction and analyzed as mean
and worst-case values over the steering angles. The main
lobe and null position errors are calculated as the differences
between the measured and the theoretical radiation pattern
positions. Additionally, main lobe level variation over
steering angles was recorded.

Measured examples of RX and TX radiation patterns with-
out calibration and with three calibration methods and the
theoretical pattern are presented in Figs. 14, 15 and 16. Two
calibration methods were presented in Chapter V and one
was presented in previous work [21]. The S-parameter based
method from the previous work is called the absolute phase
calibration method in the frequency domain. It resembles the
delay domain method but uses a frequency domain average
over the band of interest instead of FFT and delay domain
peak value.

There is a visible main beam pointing offset if the RX is
uncalibrated and calibrations correct the error. The amplitude
calibration improves the TX radiation patterns in general,
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FIGURE 20. Combined calibration figures of merit of TX analyzed across all 13 different steering angles at 28GHz for RF unit 2.

and without the amplitude calibration, the beam pointing
offset is noticeable. The relative phase calibration gives the
consistently closest radiation pattern to the theoretical one
and lowest side lobe levels. The relative phase calibration
gives the best null position accuracy and depth, whereas some
nulls with other calibration methods have a significant offset
or high amplitude level.

C. ANALYSIS OF RESULTS
Two different RF units (1 and 2) were used for RX
measurements and the results are presented in Figs. 17 and 18.
Calibrations improve the average main lobe array gain and
the average and the worst side lobe levels over the steering
angles. The average main lobe gain increases from 0.7 to
5.9 dBwhen the results of the absolute phase calibration in the
delay domain are compared to the uncalibrated case. Results
are similar compared with the absolute phase calibration in
frequency domain, which was expected because multipath
components in the measurement environment were far apart.
With relative phase calibration, the increase is from 1.9 to
7.5 dB. Improvement in the worst side lobe level using
different calibration methods is on average of 2.0 dB, 2.5 dB,
and 3.3 dB for absolute phase calibration in frequency
domain, absolute phase calibration in delay domain, and
relative phase calibrations in delay domain, respectively.

However, there is a significant difference between the
boards, depending on how good results the uncalibrated case
gives. The highest fluctuation of main lobe gain is observed
if no calibration was used with the RF unit 2. The main lobe
position error was calculated over measured steering angles.
Naturally, it has the highest values without calibration,
especially with the RF unit 1, and similar behavior is seen
in the null position error in Fig. 14. The calibration does
not have a significant impact on measured beamwidths. As a
summary, the relative phase calibration scheme produces the
best radiation pattern results. Additionally, although there is
significant variation between boards without calibration, the
performance of both boards can be improved and made close
to equal with proper calibration.

The TX measurement results from RF unit 1 and RF unit
2 are presented in Figs. 19 and 20. In TX measurements, the
amplitude calibration is performed by adjusting the PA biases
as presented in section V-C. Amplitude levels were presented
in Fig. 9. Amplitude calibration improved the shape of the
radiation patterns, but the total power level is reduced when
lowering the power output of most amplifiers. The amplitude
calibration makes the phase calibration more efficient in TX
mode, i.e., a more significant effect on the main lobe and
side lobe levels. On average, without amplitude calibration,
the main lobe level is improved by 2.0 and 1.6 dB, and the
worst side lobe levels -0.3 and 0.2 dB with absolute phase
calibration in frequency and delay domain, comparedwith the
uncalibrated case, respectively. The corresponding values are
4.7 and 4.7 dB for the main lobe level and 2.2 and 2.1 dB for
the side lobe levels with calibrated amplitudes. The relative
phase calibration achieves the best results in TX calibrations
except for some parameter combinations. Compared to the
uncalibrated case, the main lobe level is improved from 0.6 to
8.9 dB with absolute phase calibration in frequency domain,
from 0.3 to 9.0 dB with absolute phase calibration in delay
domain, and 2.6 to 11.5 dB with relative phase calibration
in delay domain when amplitude calibration is used. Average
side lobe levels are improved from 0.8 to 4.7 dBwith absolute
phase calibration in frequency domain, from 1.1 to 4.4 dB
with absolute phase calibration in delay domain, and from
2.0 to 5.1 dB with relative phase calibration.

Similarly, like on the RX side, in the TX direction
there is difference between the boards without calibration.
Nevertheless, with relative phase calibration in delay domain,
the performance of both boards is converted to a similar level.
The only exception is the EIRP which is more significantly
affected by amplitude calibration on RF unit 1, since there
was a larger imbalance between the antenna paths.

VII. CONCLUSION
In this paper, performances of two proposed calibration
methods, absolute and relative phase calibration method in
the delay domain, and previously presented absolute phase
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calibration method in the frequency domain were applied
to the 5G mmW phased-array transceiver. The absolute
calibration method in the frequency domain uses the average
phase value over the band of interest and phase shifter
states as a calibration value. In the absolute phase calibration
method in the delay domain, the measured frequency domain
signal is first converted to the delay domain and only the
LOS component is used to calculate the calibration value.
The relative phase calibration method uses the same delay
domain data, but instead of calculating the average over the
phase shifter states, it uses the whole data set to find the best
phase state combination for each steering angle.

The performances of the calibration methods were ana-
lyzed based on OTA radiation pattern measurements using
a 5G NR waveform, and two RF boards in TX and
RX modes. The relative phase calibration achieved the
best OTA radiation pattern characteristics. The relative
phase calibration improves calibration accuracy by taking
advantage of variations in the phase shifter states instead of
using an average phase as a correction therm. The main lobe
level is improved by 11.5 dB, and the side lobe level by 5.1 dB
compared to the uncalibrated radiation pattern. The average
main lobe power is increased by 1.3 dB and the side lobe
level is reduced by 0.6 dB in RX mode compared to the other
calibration methods. In the TX mode, the main lobe power
is increased on average by 2.3 dB, and the side lobe level
improved by 0.8 dB.

The proposed calibration methods are based on the
delay domain analysis, and this approach improves phase
measurement accuracy in a multi-path environment. The
validation measurements were performed in an anechoic
chamber, and the delay-domain and the frequency domain
methods have similar performances. The main advantage of
the delay domain approach is that unwanted signal reflections
from the environment or the DUT are filtered out.
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