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Abstract— This paper presents a fully digital beamforming
receiver (FDBR) using a method that calibrates the signals of all
chains in real time, and is targeted for 5G mobile communication.
In the real-time calibration method, the received signals of all
chains are adjusted to correct the errors of phase and amplitude
using the in-band signal other than operating frequency for
calibration. The proposed FDBR with real-time calibration is
designed and fabricated. The FDBR consists of eight chains of
the tapered slot antenna (TSA) element, low noise block (LNB),
and software defined radios (SDRs). The 1 × 8 array TSA with
the directional coupler and the 1:8 divider is designed to send
eight uniform calibration signals along with the received signal
of all the chains. In SDR, the digital phase shifter and the
real-time calibration blocks are implemented to realize digital
beamforming. The digital phase shifter has an extremely high
resolution of 0.72°. After using the real-time calibration method,
the average of measured phase and amplitude error between
each chain is less than 0.9° and 0.5 dB, respectively. To verify the
beamforming performance of the FDBR, the simulation radiation
pattern and the measurement radiation pattern are compared for
0°, ±15°, ±30°, and ±45° beam angles. The simulation results
are in good agreement with the measured results. An excellent
beamforming performance is achieved in the 1 × 8 array FDBR
using the real-time calibration.

Index Terms— Antenna arrays, beam steering, calibration,
digital signal processors, millimeter-wave (mm-wave) receivers.

I. INTRODUCTION

RECENTLY, there has been a growing interest in beam-
forming techniques for fifth-generation (5G) communi-

cation [1]–[3]. Beamforming is one of the key techniques

Manuscript received July 16, 2018; revised January 25, 2019; accepted
February 16, 2019. Date of publication March 4, 2019; date of current
version May 31, 2019. This work was supported in part by the Insti-
tute for Information and Communications Technology Promotion Grant
funded by the Korea government (MSIP) through Study on Measurement
and Evaluation Technology based on Reverberation Chamber under Grant
2015-0-00855 and in part by the Institute for Information and Communications
Technology Promotion Grant funded by the Korea government (MSIT)
through Development of testing and verification technology for 5G mobile
communications supporting enhanced mobile broadband (eMBB), ultra
reliable/low latency communication (URLLC), and machine-type commu-
nications (mMTC) under Grant 2018-0-00733. (Corresponding author:
Dong-Chan Kim.)

D.-C. Kim, T.-W. Kim, L. Minz, and S.-O. Park are with the
Microwave and Antenna Laboratory, School of Electrical Engineering, Korea
Advanced Institute of Science and Technology, Daejeon 34141, South Korea
(e-mail: kdch5204@kaist.ac.kr; gold427@kaist.ac.kr; lkminz@kaist.ac.kr;
soparky@kaist.ac.kr).

S.-J. Park is with Samsung Electronics Co., Ltd., Suwon 443-743, South
Korea (e-mail: pondsky@kaist.ac.kr).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TAP.2019.2902712

Fig. 1. (a) Active beamforming architecture. (b) Fully digital beamforming
architecture.

used to overcome high path loss at the millimeter-wave (mm-
wave) band and to distinguish multiple users. Due to the great
potential beamforming has, various beamforming architectures
such as active beamforming structure, hybrid beamforming
structure, and fully digital beamforming structure have been
proposed and studied [4], [5].

The block diagram of an active beamforming architecture is
shown in Fig. 1(a). In the active beamforming architecture, the
amplifiers and the phase shifters are distributed to each radio
frequency (RF) chain, and the analog combiner is located after
the phase shifters.

This architecture has the advantage of overcoming the RF
loss between the amplifier and free space and reducing the
noise figure. However, the RF parts in this architecture are
complex, high in cost, and vulnerable to heat and power
consumption. In addition, the beamforming performance of
this architecture is not guaranteed due to usages of a chip-
based phase shifter, which does not provide high-resolution
control and linear characteristic [6]–[8]. The low-resolution
and nonlinear characteristics of the phase shifter cause discrete
beamforming performance and reduction in the gain of the
main beam.

In a fully digital beamforming architecture, as shown
in Fig. 1(b), the phase shifters in the RF parts are replaced
by digital phase shifters in the digital signal processor part,
and the analog beamformer is replaced by the digital beam-
former. This architecture eliminates the disadvantage of active
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beamforming and the digitized signals of all chains offer a
high degree of freedom in signal processing. These advan-
tages in signal processing enable us to perform a variety of
signal processing such as ultralow sidelobe, improved adaptive
pattern nulling and multiple simultaneous beams, which are
found to be difficult to perform through other architectures [5].
However, to realize the digital beamforming technique, there
are several challenges related to hardware implementation.
In order to obtain stable performance, the phase and amplitude
of signals in all chains should be identical between each chain.
The RF active components in a system such as amplifier and
mixer are greatly affected by the temperature variation and fab-
rication error [9]–[11]. Such influence on active components
causes the phase and the amplitude errors between each chain.
The discrepancy directly leads to inaccurate beam direction
and large sidelobe level [18].

Several approaches have been proposed to reduce these
errors [10]–[14]. In [10], the calibration method can only
correct phase and amplitude errors of the signal after the
mixer, excluding the LNA and bandpass filter (BPF) of the
receiver. In the 5G mobile communication band, the error
generated in the LNA and PA of the RF front end is critical
to the system. Therefore, the method used in [10] is not
sufficient to use in 5G mobile communication. In [11],
additional chips such as a phase shifter, a switch, and a chip
for measuring the phase and amplitude error are added for
beamforming and calibration. As a result, the system cost
increased and due to many additional components needed
for calibration, the heating effect worsened the beamforming
performance [15]. For these reasons, the beamforming
structure and calibration method in [11] is not suitable for 5G
mobile communication. In the case of mutual coupling-based
calibration method in [12] and [13], accurate measurement
of the mutual coupling will be difficult because the array
antenna is not arranged regularly and there are various parts
around the antenna in the smartphone [16], [17]. In the
SAR system [14], the signal change by the internal active
component is measured using the Tx signal and Rx signal
and saved as table. Then, the table is used to compensate for
error when signal processing on the ground. The method does
not consider real-time calibration. The calibration methods
in [10]–[14] are suitable for individual purpose, but they are
not sufficient to use in 5G mobile communications.

Therefore, a new type of calibration for the phase and ampli-
tude errors in real time is essential for 5G communication.
Real-time calibration methods using a calibration signal at
below 6 GHz have been proposed [19], [20]. In [19] and [20],
a calibration signal is simply applied using a coupler. Because
the critical errors of phase and amplitude are generated in
the active component at the RF front end, the calibration
signals with uniform phase and amplitude should be applied
after the antenna and be used at mm-wave band in order to
calibrate every active component in the receiver. Compared
to below 6 GHz, the signal loss at mm-wave band would be
very high and the phase error would have a critical effect
on the signal. In addition, since the spacing between the
antennas is very narrow at the mm-wave band, there are
considerable difficulties in applying the calibration signal.

Therefore, the system structure in [19] and [20] is not sufficient
to use in the 5G mobile communication band.

In this paper, the validity of applying the real-time calibra-
tion method in the implementation of the digital beamforming
at the 5G mobile communication band is verified and the fully
digital beamforming receiver (FDBR) that can simultaneously
perform beamforming and the real-time calibration for 5G
mobile communication and solve the difficulties in applying
the calibration at mm-wave band is proposed.

The calibration method is composed of two parts. The main
purpose of each part is the elimination of offset error and
variation error. Each offset error is eliminated by measuring
the difference of the phase and amplitude between the signals
in the eight chains. Second, a variation error can be removed
using the principle that the phase and amplitude variation
of active components in system in-band signals have similar
tendency depending on temperature. An in-band signal other
than operating frequency is introduced as a calibration signal
to remove the variation error in real time. A 1×8 array tapered
slot antenna (TSA) with directional coupler and a 1:8 divider is
designed to apply the calibration method in the FDBR. Along
with that, a new type of digital phase shifter and calibration
block is also implemented in signal processing part to apply
the calibration method to the FDBR. Unlike previous research
on calibration, the proposed FDBR structure is inexpensive
because it does not use additional chips for calibration and
beamforming and uses a low-cost coupler and divider, consid-
ering the proper method for applying the calibration signal
at mm-wave band. After calibration, the average errors of
the phase and amplitude between each chain are significantly
reduced. In order to support the validity of the FDBR with
the real-time calibration method, the radiation pattern was
measured in an anechoic chamber (AC) at 28 GHz, and the
results are in a good agreement.

This paper is organized as follows. Section II discusses
the architecture of the FDBR with the real-time calibration.
Section III describes the 1 × 8 array TSA in the FDBR.
In Section IV, the signal processing part in the software defined
radio (SDR) is explained. The performance of the real-time
calibration and the proposed FDBR with the calibration is veri-
fied in Section V. Finally, the conclusion is given in Section VI.

II. ARCHITECTURE OF THE FDBR AND REAL-TIME

CALIBRATION

A. Architecture and Errors of the FDBR

The architecture of the proposed FDBR with real-time
calibration is presented in Fig. 2. The FDBR consists of eight
chains of TSA elements, low noise block (LNB), and SDR.
All the chains are connected to the signal processing part. The
1×8 array of TSA and the signal processing part are discussed
in detail later.

In the FDBR, LNBs amplify the received signal and convert
the RF signal to the IF signal with minimal noise and are
shielded with a metal case to prevent interference between
each chain. The LNB is composed of filters, an amplifier, a
mixer, and a two times doubler. The measured specification of
the LNB is listed in Table I.
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Fig. 2. Architecture of the FDBR.

TABLE I

SPECIFICATION OF THE LNB

TABLE II

SPECIFICATION OF THE SDR

Another unit in FDBR is the SDR. SDR is a radio com-
munication system to receive and transmit signal. The SDR
consists of variable gain amplifiers (VGAs), an analog-to-
digital converter (ADC), and an IQ demodulator. The mea-
sured specification of the SDR is listed in Table II. The
IQ signals in the SDR are transferred to the computer, and
processed through a signal processing program (GNUradio).
GNUradio processes the signal in block units which can be
easily implemented and can be directly coded, if necessary.

The performance issue of the FDBR architecture can be
evaluated by measuring the signals in eight chains of the
FDBR for any phase and amplitude difference. We measured
the signals in eight chains for 4 h without the calibration.
The measurement is performed in far-field AC at 28 GHz. All
chains are compared in terms of the phase and amplitude with
respect to chain 1. The measured errors of the eight chains
are listed in Table III. Fig. 3(a) and (b) presents the phase and
amplitude variation in chains 2–4 relative to chain 1 for 4 h.

There are offset errors and time-dependent variation errors
in 4 h measurement. In addition, the tendencies of the phase

TABLE III

MEASURED ERRORS (UNIT: DECIBEL AND DEGREE)

and amplitude variation differ from chain to chain. The max-
imum amplitude offset among eight chains is 4.9 dB and the
maximum variation range of amplitude in the eight chains
after removing the amplitude offsets is 1.8 dB. The maximum
phase offset among the eight chains is 85° and the maximum
variation range of phase in the eight chains after elimination
of the phase offset is 65°. The phase errors are relatively large
compared to the amplitude errors in all chains. To identify
the impact of the errors on the performance of beamforming,
the pattern of the array factor with/without errors are computed
on the basis of the measurement result of phase and amplitude
error and plotted in Fig. 3(c). Comparing the pattern of array
factor with error after 4 h to that without error, the main beam
direction is tilted up to 40° and the sidelobe level is increased
up to 8.5 dB. Thus, it is apparent that such errors could
hinder the system to distinguish multiple users and increase
the interference.

There are two main causes of phase and amplitude errors.
The first is a time-independent error, which is due to a physical
and manufacturing error that occurs in wire bonding and
soldering. This error is inevitable and creates different offset
of phases and amplitudes in each chain. Such an error is not
dependent on time, and therefore, can be easily removed from
the signal in each chain by measuring and eliminating the
offset once. The second is a time-dependent error. As the
property of active components can be altered by a change in
the system temperature, a gradual generation of heat by the
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Fig. 3. Errors in the FDBR for 4 h. (a) Amplitude. (b) Phase. (c) Pattern of
the array factor with/without errors.

system components or a sudden change of environment can
result in a time-dependent error. Even for the same products,
the effect of the temperature and the tendency of error vari-
ation can differ depending on the fabrication condition. The
variation of active component property due to the temperature
is directly related to the variation of the threshold voltage
and carrier mobility with the temperature [9]. Examining the
measurement or simulation results in [9] and [21]–[24], it can
be observed that the phase and amplitude of signals with fre-
quencies within bandwidth of active components change with
the similar tendency depending on the temperature. Therefore,
using a calibration signal of frequency within bandwidth of the
system but different to the frequency of the received signal,
the phase and amplitude variation of the received signal due to
the temperature can be detected by measuring the phase and
amplitude variation of the calibration signal.

To verify this property, we measured the phase and ampli-
tude variation by injecting the received signal and the cali-
bration signal into all chains of the FDBR at the same time.
The received signal is at 28 GHz and the calibration signal is
at 28.002 GHz. The received signal and the calibration signal
produce the amplitude variation and the phase variation with
different offsets as they are of different wavelengths. However,
the tendency of variation in both signals would be similar.
The amplitude and the phase variation of received signal and
calibration signal in chains 2–4 with respect to chain 1 after
attuning the offset is shown in Fig. 4. The amplitude variation
of the two signals in all chains has the same tendency and

Fig. 4. Measured result of the signal between different frequencies.
(a) Amplitude. (b) Phase.

the maximum difference between two signals is 0.2 dB. Also,
the phase variation of the two signals has the same tendency
and the maximum difference between two signals is 0.7°. It is
demonstrated that two signals with different frequencies in
the system bandwidth have almost identical variation of the
phase and amplitude. In the real-time calibration, using this
characteristic of the active components, the calibration signal
can be used to detect the phase and amplitude error of the
received signals in all chains.

B. Real-Time Calibration in the FDBR

The real-time calibration is applied to calibrate the offset
and amplitude/phase variation error in each chain. In the
FDBR, the calibration signal is introduced to detect the phase
and amplitude difference of the received signal between each
chain in real time. Before that, the offset is removed indi-
vidually for received signal and calibration signal because the
frequency of the received signal is different from the frequency
of the calibration signal. The offset of the received signal
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Fig. 5. Flow of the calibration signal and the received signal. (a) Hardware
part. (b) Signal processing part.

is measured and removed first by measuring the signals in
eight chains of the FDBR only for received signal without
any calibration signal. Later, the offset of the calibration
signal is measured and removed by injecting the calibration
signal into the calibration port in the previous measurement
setup. After elimination of the offset, the calibration signal
injected into the calibration port is divided into eight identical
calibration signals as shown in Fig. 5(a). Each calibration
signal is combined with the received signal through directional
coupler, and then, the combined signals pass through the
LNB and the SDR. The combined signal is separated at the
signal processing part using the BPF, and then, the phase and
amplitude of the received signals in each chain are calibrated
in real time through signal processing using the separated
calibration signals as shown in Fig. 5(b). This calibration
method is susceptible to interference problems because the
received signal and the calibration signal pass through the
system together. In the proposed FDBR, the interference is
sharply removed by using a digital BPF that has minimum
bandwidth of 1 kHz.

The real-time calibration process, as in the following steps,
is very simple and corrects the offset errors and the variation
errors.

The real-time calibration process.
[Remove offset of received signal]

Step 1: Input the signal with the frequency in concord with
the frequency of the received signal.

Step 2: Measure the offset of the amplitude and the phase
at the frequency of the received signal in all chains, compared
with chain 1.

Step 3: Remove the offset based on measured value.
[Remove offset of calibration signal]
Step 4: Input the calibration signal to calibration port.
Step 5: Measure the offset of the amplitude and the phase at

the frequency of the calibration signal in all chains compared
with chain 1.

Step 6: Remove the offset based on measured value.
[Remove variation error of received signal]
Step 7: The phase and amplitude variation of the calibration

signals in all chains with respect to chain 1 is detected and,
based on that, received signal variation errors of all the chains
are automatically compensated.

Steps 1–3 have been carried out to remove the offset errors
of the received signal. Steps 4–6 are needed to remove the
offsets of the calibration signal. Finally, in step 7, the phase
and amplitude variation error in chains are removed.

III. ANTENNA DESIGN

A. Antenna Configuration

The mm-wave 1 × 8 array antenna is designed to facil-
itate eight receivers and to apply the calibration signal to
beamforming system at the 5G mobile communication band
(28 GHz band). The antenna is composed of the TSA element,
a multilayer substrate-integrated waveguide (SIW) directional
slot coupler, and an eight-way SIW divider. In TSA array
design, a TSA is a very compact antenna model and it is
very convenient to arrange the antenna elements with half-
wavelength distance from each other. In addition, it is easier to
obtain a wide beam scanning sector in the horizontal direction
from TSA array [26]. Based on the corrugated antipodal
linearly TSA (CALTSA) design guideline published in [31],
the single element is designed. An SIW structure is used to
form coupler and divider because it has low loss at high
frequency, low fabrication cost and it can be easily connected
with other circuits. The SIW divider is designed to uniformly
separate the signal into eight-way using the structure in [27].
The directional coupler is designed to combine the calibration
signal with the received signal using a multilayer slot in [28].
The structures of the divider and coupler are easy to design
and cheap to fabricate. The SMP-to-SIW transition is designed
to solve the spatial problem, based on the transition in [29].

The proposed TSA array consists of a stack of two layers
as shown in Fig. 6. The top layer of the proposed antenna
contains an eight-element TSA array, SIW-based RF lines,
and receiving ports. The bottom layer includes an eight-way
power divider and eight-way power combiner. At the center
of the proposed antenna, there are eight multilayer directional
couplers to combine the calibration signal with the received
signal. The received signal successively passes TSA elements,
SIW-based RF lines, and receiving ports. The calibration signal
is applied through the calibration port, and then, the signal
successively passes the eight-way power divider, multilayer
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Fig. 6. Geometry of the proposed TSA array with calibration coupler.

directional coupler, SIW-based RF lines, and receiving ports.
The eight-way power combiner on the backside is designed
to check and verify the signal that combined the received
signal and calibration signals through the directional couplers.
As receiving ports, the SMP-to-SIW transition is used to
extract the signal and input the signal to the LNB.

The distance (D) between two antenna elements is 5.65 mm,
which is about the half-wavelength at 28 GHz. In the proposed
design, the substrates are made of Rogers 4350B laminate
with a thickness of 0.508 mm, dielectric constant of 3.66,
and tangent loss of 0.004. The overall size is 60 mm (W)
× 150 mm (L). SIW parameters such as the width, the via
diameter, and the gap between two vias are chosen to avoid any
bandgap phenomenon within the operating frequency band and
minimize the guided-wave transmission losses. In the proposed
design, the SIW width, the via diameter, the gap between two
vias are chosen as 3.65, 0.4, and 0.6 mm, respectively. The
SIW parameters can be determined by the formulas introduced
in [30].

B. Eight-Way Power Divider and Double-Layer SIW
Directional Coupler

The performance of the SIW-based divider and directional
coupler is important for the calibration signal to induce
properly in 28 GHz and is verified through the simulation
results after design. Each output port in the eight-way power
divider is individually simulated for checking the performance
of the feeding network. Fig. 7 represents the geometry and
the simulation result of the amplitude and the phase of the
eight-way power divider. The reflection coefficient (|S11|) of
the divider is less than −20 dB over the operating frequency
band. In addition, the output amplitude and phase over the
entire band are, respectively, reasonably flat and uniform. This
demonstrates that the eight-way power divider used in the
feeding network distributes the signals with uniform power
and uniform phase very well.

Fig. 7. Geometry and simulated S-parameters of the eight-way power divider
used in the feeding network. (a) Geometry. (b) Amplitude. (c) Phase.

Fig. 8. Geometry and simulated S-parameter of double-layer SIW directional
coupler. (a) Geometry. (b) S-parameter.

The simulation was conducted to verify the performance of
the multilayer directional coupler to combine the calibration
signal with the received signal. Fig. 8 illustrates the geometry
of the double-layer SIW directional coupler and the simulation
result. There are two coupling slots etched on the central
metal plane to divide the input signal from port 1 into
ports 2 and 3. The reflection coefficient (|S11|) and isolation
(|S41|) characteristics of the coupler are less than −30 dB over
the operating frequency band. The insertion losses (|S21| and
|S31|) of the coupler are less than 3.3 dB across the operating
frequency band. It is confirmed by the result of S-parameter
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Fig. 9. Photograph of the fabricated TSA array with calibration coupler for
calibration signal input.

Fig. 10. Measured S-parameters of the calibration signal path of the
proposed TSA array. (a) Magnitude of S-parameter. (b) Phase of S-parameter.
(c) Relative error of magnitude. (d) Relative error of phase.

that the calibration signal is well combined with the received
signal through the coupler.

C. Performance of Calibration Signal Path

The two layers of TSA array were stacked up and fixed
with screws as shown in Fig. 9. The calibration signal is prop-
agated from port 1 and divided through the eight-way power
divider. The divided calibration signals with the same phase
and amplitude are transferred to the RF lines. To verify the
performance of the calibration signal path, S-parameters of it
were measured at each RF output. The measured S-parameters
of the calibration signal path of the proposed 1×8 array TSA
are shown in Fig. 10. The reflection coefficient of calibration
port 1 is less than −10 dB over the entire frequency band. The

Fig. 11. Block diagram of a digital phase shifter.

magnitude of the each output of the calibration signal path is
about −22 dB and the relative magnitude errors of each path
compared to S21 are within 4 dB over the operating frequency
band. The relative phase errors of each path are within 30°
over the operating frequency band. Since the design was made
considering the main frequency (28 GHz), it can be confirmed
that the relative error becomes larger as the distance from the
center frequency increases. However, the fabrication errors are
considered and removed as a part of offset elimination in the
calibration process.

IV. SIGNAL PROCESSING PART

A. New Type of Digital Phase Shifter

In a fully digital beamforming architecture, the phase shifter
can be implemented digitally. In the proposed FDBR, a new
type of digital phase shifter is applied and the digital phase
shifter is able to accurately adjust the phase without offset
error and variation error according to the temperature. In addi-
tion, since the digital phase shifter has extremely high control
resolution, high-performance beamforming is possible with
low sidelobe level and no gain reduction due to the offset
error and variation error [32].

The proposed digital phase shifter consists of two digital
mixers and two signal sources as shown in Fig. 11. The two
signal sources, coded using C++ in GNUradio, digitally pro-
duce a signal with the desired phase. In Fig. 11, the upconvert
source generates a signal with the magnitude 1 and the phase
�φ, and upfrequency �ω. The downconvert signal source
generates a signal with the magnitude 1, the phase 0, and the
downfrequency −�ω to cancel the up-frequency. The input
signal is converted into output signal by mixing the input
signals with the two signal sources in the two mixer. The
output signal is only shifted by a phase of �φ, compared
with input signal, without changing amplitude. Fig. 12 presents
the simulation result of phase control. The simulation result
demonstrates that the desired phase is accurately shifted with-
out error.

The resolution of the digital phase shifter is equal to the
phase control resolution of the upconvert signal because the
phase of the upconvert signal is added to the input signal
through the mixer. Since the upconvert signal is a digitized
signal, the interval between samples is the phase control
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Fig. 12. Simulation result of digital phase shifter.

resolution. Therefore, the adjustable minimum phase is

Phm = 360

Nλ0

(1)

where Phm is the adjustable minimum phase and Nλ0 is the
number of samples in a wavelength of the upconvert signal
source.

In other words, as the number of samples in a wavelength
of the upconvert signal increases, the digital phase shifter has
a higher resolution. The number of samples in a wavelength
of the upconvert signal is associated with the sampling rate
and upconvert frequency. In GNUradio, the upconvert source
generates a signal in synchronization with the sampling rate.
Thus, the number of samples in a wavelength (Nλ0) is

Nλ0 = fs

fup
(2)

where fs is the sampling rate and fup is the upconvert
frequency.

As the upconvert frequency decreases, the number of sam-
ples in a wavelength increases. Therefore, since the upconvert
frequency can be adjusted down to 1 Hz, the adjustable
minimum phase is theoretically 0.000018° based on the max-
imum specification of the SDR. However, if the maximum
specifications of the SDR are applied to the FDBR with
eight chains, there is a distortion in data transmission. Thus,
optimization of the values such as sampling rate and digital
upconvert/downconvert frequency is necessary. The optimized
sampling rate is 10 MHz and the digital upconvert /down-
convert frequency is 20 kHz. Finally, the adjustable minimum
phase is 0.72° in the FDBR. If an SDR and PC with better
specification are used, the higher resolution that meets the
theoretical value can be obtained. It is impossible to have the
resolution of 0.72° for the conventional phase shifter based
on a chip, and only possible in the digital phase shifter that
manipulates digitized signals. The digital phase shifter with
extremely high performance is applied to the FDBR with the
calibration approach.

B. Beamforming With Real-Time Calibration Blocks

In the signal processing parts, the received signals are
calibrated and used for beamforming in real time. A two
chain calibration architecture is presented in Fig. 13. The

Fig. 13. Block diagram of real-time calibration with digital phase shifter.

architecture of the signal processing parts consists of the
phase and amplitude difference detecting block, the digital
BPF, the digital adder, the digital amplifier, the digital phase
shifter, and the weighting factor block. The signals received
from chains 1 and 2 are, respectively, separated into the
received signal and the calibration signal through the digital
BPF which can separate signals very accurately. The separated
calibration signals of chain 1 and chain 2 then move to the
difference detecting block, where the phase and amplitude
difference between chain 1 and chain 2 signals are measured.
The measured amplitude difference is transferred to the digital
amplifier to correct the amplitude difference of the received
signals in chain 2. The measured phase difference is added to
the weighting factor via the digital adder, and then pass to the
digital phase shifter. Then, the phase of the received signal in
chain 2 is shifted by the phase difference and the weighting
factor. The final output signal of chain 2 is calibrated based
on chain 1, and additionally the output phase is shifted by the
weighting factor. By applying this architecture to all chains,
the signals of all chains can be calibrated based on chain 1 in
real time, and at the same time, beamforming with accurate
performance is possible.

V. PERFORMANCE OF THE REAL-TIME CALIBRATION

METHOD AND BEAMFORMING

A. Real-Time Calibration Method

To verify the performance of the real-time calibration, we
measured the phase and amplitude errors of all chains after the
calibration with respect to chain 1 for 4 h. The measurement
was carried out at intervals of 2 min in the first 1 h when
there are relatively large changes, and then, the measurement
was performed at intervals of 20 min for the remaining time.
The measured average errors of the eight chains after the
calibration are listed in Table IV.

After the calibration, the amplitude error and phase error
among chains are quite low, as shown in Fig. 14. Among all
chains, the average amplitude error is less than 0.5 dB and
the average phase error is less than 0.9° after the calibration.
It can be confirmed that the errors generated due to the active
component of the FDBR are precisely removed.
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TABLE IV

MEASURED ERRORS (UNIT: DECIBEL AND DEGREE)

Fig. 14. Measured errors in the FDBR for 4 h after calibration. (a) Amplitude.
(b) Phase.

TABLE V

WEIGHTING FACTOR (UNITS: DEGREE)

B. Beamforming Performance of the Proposed FDBR

The measurements of radiation pattern are conducted
to demonstrate the performance of beamforming with the
calibration in far-field AC. A 1 × 4 patch antenna array
similar to [33] is used as a transmitter antenna and a signal
generator (Agilent E8257D) is used as signal source for exact
measurement. In order to synchronize the transmitter and the
proposed FDBR, a 10 MHz clock signal of the FDBR is used
as external clock signal of the signal generator. The weighting
factor for 0°, 15°, 30°, and 45° scan angles is calculated and
listed in Table V.

The frequency of the signal is 28 GHz and the frequency
of the calibration signal is 28.002 GHz. Thus, they are
2 MHz apart. Fig. 15 shows the simulated normalized radiation
patterns of the proposed 1 × 8 array TSA and the measured
normalized radiation patterns using the fabricated FDBR for
0°, ± 15°, ±30°, and ±45° at 28 GHz. The measured radiation
patterns are well matched with the simulated radiation patterns.
The error of the main beam directions is within 1°, and the
error in the gain of the main lobe is within 0.5 dB, which is
an accurate beamforming performance.

Fig. 15. (a) Simulated beamforming result of the proposed 1×8 array TSA.
(b) Measured beamforming result of the proposed 1 × 8 array TSA using the
FDBR.

VI. CONCLUSION

Currently, beamforming technology is regarded as the
solution for 5G communication, but beamforming system
developers have difficulties in its implementation. In this
paper, a real-time calibration is applied to calibrate the errors
generated in active component, and the difficulties in applying
the real-time calibration at mm-wave band are solved by
combining the directional coupler, SIW structure, and uniform
divider with TSA antenna. Finally, this paper presents the
FDBR, which has a new structure that can simultaneously
perform beamforming and real-time calibration targeting user
equipment (UE) of 5G mobile communication at mm-wave
band, for the first time. The proposed FDBR has a very simple
structure and the calibration method significantly reduces the
phase and amplitude errors. The average amplitude errors in
all chains are less than 0.5 dB and the average phase errors in
all chains are less than 0.9° after the calibration. The simulated
radiation pattern results and measured radiation pattern results
of the proposed FDBR are compared, and found to be well
matched. Very low error of main beam direction and gain has
been demonstrated. The error of main beam direction is less
than 1° and the error of gain is less than 0.5 dB. The proposed
FDBR with the calibration method is suitable for accurate
beamforming at 28 GHz band. This makes it an attractive
candidate for 5G communication.
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