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ABSTRACT In this paper, the development of a millimeter-wave hybrid beamforming (HBF) transceiver
system for 5G millimeter-wave multiple-input-multiple-output (MIMO) communication is presented. The
developed transceiver system is operated at 28-GHz band in the time division duplex (TDD) mode, with 500-
MHz signal bandwidth. To implement high beamforming accuracy, a phased-array-based HBF transceiver
with high-precision phase shifting network (PSN) at intermediate-frequency (IF)-paths is proposed. The
designed PSN has 8-bit phase resolution within 360° range and 0.13-dB amplitude variation. With the
use of such low-cost 8-bit PSN, this HBF transceiver system achieves 0.6° beam resolution and a good
RF transceiver performance. In addition, under the over-the-air MIMO communication test with two data
streams, the error vector magnitude (EVM) of the received signals at two user equipment (UE) is 2.58%
and 2.34%. The high-data rate millimeter-wave communication and MIMO performance of this HBF are

verified.

INDEX TERMS Hybrid beamforming, MIMO, millimeter-wave, transceiver, phased array.

I. INTRODUCTION

With the development of communication system technology,
providing wider radio frequency (RF) bandwidth by utilizing
millimeter-wave (mmWave) bands is a promising solution
for 5G massive multiple-input multiple-output (MIMO) com-
munication [1]-[3]. Different from conventional communica-
tion systems in sub-6GHz frequency bands, mmWave bands
promise great features like increased data transmission rate
and improved spectrum efficiency.

In order to overcome the increased path loss at higher
frequency bands and realize multi-users communication,
the beamforming technology with steerable radiation pat-
tern and high gain characteristics is required. Recently,
many potential beamforming architectures have been pro-
posed and analyzed, including analog beamforming architec-
ture, fully digital beamforming architecture [4] and hybrid
beamforming architecture [5]-[8]. Although the fully-digital
beamforming (DBF) architecture can offer the greatest flexi-
bility and performance, the DBF has some unavoidable prob-
lems, such as high cost level and huge power consumption.

The associate editor coordinating the review of this manuscript and
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Therefore, hybrid analog-digital beamforming (HBF) with
a reduced number of digitized chains and digital process
units are gradually applied on the base station (BS) sys-
tem [9]. In this HBF architecture, as shown in Fig. 1(b),
the digital beamforming is performed in digital process unit,
such as field-programmable gate array (FPGA), whereas
the analog beamforming is implemented by analog phased
array [10], [11]. Unlike DBF requiring one digitized chain
for each antenna element, the HBF architecture replaces most
of digitized chains with the phased array sub-array. So the
number of FPGA, DAC, ADC and IF transceiver can be
greatly reduced [12].

Recently, several advanced techniques have been devel-
oped to improve the performance of HBF system to approach
the DBF performance as close as possible. Among them,
the analog precoding matrix optimization algorithm or
employing a limited number of simple phase over-sampler
can be achieved in low-resolution phase shifting network to
maintain satisfactory spectral efficiency [13]-[16]. The other
method is to develop the phased array with high precision
and low cost phase shifting network (PSN) for HBF sys-
tem [17]. There exist many advanced phased array archi-
tectures proposed for HBF [18]-[22], such as the passive
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FIGURE 1. Simplified block diagram of the (a) fully DBF transceiver array
and (b) hybrid beamforming transceiver array with IF-path PSN.

multi-beam array in [18], [19], the lens-based Butler matrix
multi-beam array [20] and the active phased array [21], [22].
Among them, when putting passive beam switching circuits
between the RF front-end and antenna, the passive multi-
beam array or Butler matrix based array introduce extra noise
and insertion loss, which will reduce the dynamic range
and decrease the coverage distance of the transceiver. Thus,
the active phased array can offer higher transmission power
and better receive sensitivity to satisfy the coverage of cell
edge area. In the aspect of PSN, several works based on
integrated phase shifters have been reported in [23], [24].
However, the phase shifting resolution of the phase shifter
chips used in mmWave bands is only 5 bits or 6 bits. Besides,
these phase shifters have significant amplitude fluctuation
which affects the performance of transceiver system. Another
serious problem caused by low-resolution phase shifter is the
blind area of coverage. Low phase resolution will cause large
beam steering step. As a result, the blind area of coverage
occurs when using a large-scale phased array to form high
direction gain but narrow beam. Therefore, the high precision
active phased array can provide a complete coverage for
massive MIMO HBF communication.

In this paper, a mmWave band HBF communication
transceiver system with IF-path high precision PSN is pre-
sented. This mmWave MIMO HBF transceiver system is
operated at 28GHz band in time division duplex mode, with
500MHz signal bandwidth. In this phased array, the IF-path
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PSN approach is employed to obtain high precision and low
cost. The proposed novel vector-sum phase-shifting unit used
in PSN has 8-bit phase resolution within 360° phase shifting
range and 0.13dB amplitude variation. The final test results
show good beam resolution and RF transceiver performance
of this transceiver system. In addition, the high data rate
transmission capability of the HBF system is verified by the
indoor over-the-air MIMO communication test. This paper
is organized as follows. Section II describes the influence of
the RF chain vector error and phase resolution on the radia-
tion beam pattern, and presents the architecture of this HBF
transceiver system. Section III presents detailed design of
the elemental component parts in transceiver system, such as
IF-baseband subsystems and the phased array which contains
four vertically-placed phase shifting sub-arrays and one local
oscillator (LO) subsystem. Section IV gives the achieved test
results of hardware performance and experimental results of
whole mmWave HBF MIMO communication system. The
conclusion would be covered in Section V finally.

Il. THE ANALYSIS AND ARCHITECTURE OF MMWAVE
HBF TRANSCEIVER SYSTEM

In multi-user HBF communication system, the data streams
are first digitally modified in IF-baseband subsystem by digi-
tal precoding matrix Wp. Moreover, the processed signals are
up-converted and achieved analog beamforming using analog
precoding matrix Wg. Therefore, after transmitted through
air channels, the received signal at k-th user can be written
as [10]

K
y =HO  WiWp;si +n), (1)
i=1
y = HWxWp,sc + HY  WeWps; +n, )
ik
where H = [hy, ..., hg] is the normalized air interface

response matrix of channel information from the BS to the
k-th user, s € CX*! ig the transmission symbol of all data
streams, n € CX*! is the vector of i.i.d CN (0, Np) noise and
Ny is the noise power. According to (2), the real-time air chan-
nel information H can be estimated through pilot training.
With the perfect knowledge of channel information H, pre-
vious studies discussed lots of methods used for calculating
the optimal hybrid precoding matrix in HBF system [8], [25].
However, the effects of actual transceiver hardware system,
especially of active phased array, are not taken into account
in these design models. In this section, the influence of RF
chain vector error to the final beam pattern in the analog PSN
is analyzed firstly. In addition, the architecture of this high
precision HBF transceiver system is presented.

A. THE ANALYSIS OF RF CHAIN VECTOR ERROR

IN HBF SYSTEM

The simplified block diagram of the HBF system is demon-
strated in Fig. 1(b). In multi-user communication, other data
streams in the space becomes the interference of the target
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user, and the received signal to interference plus noise (SINR)
of k-th user can be written as
2 2
[ b W | bWe=0 [ Wi
Vi= ;e = )
> (I wel?)+n N

where the ¢ represents the any other user except k-th user,
the W; means the precoding matrix of user . When the
optimal precoding matrix is applied to HBF system, the signal
received in user equipment (UE) has the highest signal to
interference plus noise (SINR). That means the whole system
generates N orthogonal beams in the space, and the main
lobe of each beam is pointing to the target user while the
zero points of the beam point to other users. Therefore,
in communication scenario, the beam zero-points suppression
and distribution need to be carefully considered and valued.
In HBF, however, the analog beamforming is achieved by the
PSN, which introduces the amplitude fluctuation and phase
shifter precision error in each RF chains to greatly affect the
zero-points distribution. In order to clearly see the influence
from hardware error to the beam pattern, this PSN is assumed
to have a vector error including phase error &, and amplitude
error o, at nth RF chain in normal distribution. As indicated
above, N elements uniform linear array at one dimensional
far-field radiation pattern can be written as

N-—1 )
F(¢) :p(¢) Z an (1 + an) e_]ZJTn% Sln¢+¢‘n’ (4)

n=0

where ¢ is the azimuth angle of the beam directivity, d is
the antenna adjacent distance, g is the wavelength of signal,
p(¢) is the single antenna radiation pattern and a;, is complex
excitation at the n-th radiation element. Let & donates the
sing, that ¢ €[—90°, 90°]. The array factor can be viewed as
the district Fourier transform (DFT) from one spatial discrete
excitation sequence {ay } with the complex vector error {b;, }
to spectrum domain [4]:

N—-1

FE =Y (an+ by e 505, 5)

n=0

where
= Spe /O, (6)

With the DFT, the complex vector error sequence {by}
transforms to the error spectrum, which is illustrated
in Fig. 2(a). As is shown in Fig. 2(a), error spectrum has
less effect on the main beam gain and directivity, but it
greatly influents the distribution of the side-lobes and zero-
points of the beam. Because of the randomness of the error
sequence, 100 times simulations are performed on the phase
error, and the envelope of the results is drawn in the Fig. 2(b)
to demonstrate the error spectrum influence on the beam.
Therefore, when the 13.2° root mean square (RMS) phase
error is added in each RF chains, the suppression at the zero-
points is deteriorated to 15dB, which means the SINR is
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FIGURE 2. (a) The beam pattern comparison before and after adding
different phase error perturbation, (b)the error spectrum with different
phase error, and (c) the comparison of beam patterns at different array
scale.

greatly deteriorated. As demonstrated in Fig. 2(b), holding
that zero-points suppression to a degree of 30dB requires
RMS phase error of only 1.6°.

In addition, the beam steering resolution A€ in space
depends on the phase resolution A¢ of the PSN, that can be
indicated in [7]

.o
A6 = ——Ap). 7
arcsin( rmd b) (7)

VOLUME 7, 2019



R. Zhang et al.: High-Precision Hybrid Analog and Digital Beamforming Transceiver System for 5G Millimeter-Wave Communication

IEEE Access

%1 nr T Fr

oz ¥
— 1 §i Iyre. R |
—"'.'has.' slhiftiug Uil 1t Freal-bad] T+,
o N S T
RS H "N,
i e 4
---—L:'Im-.- Shifling Ui T 12k Froat-Ead]

Bovp S By T

[l
.o
e I e

—@nm Shiftma l;:..},—{-@—(nr Front-Fa]
(N

s S Tigs: Big
+ A
.
fiing Linit e 1iF hc.,u.e_-.cj_'_'

Tugw B

H 5 I
g o Y
[{Phase Stz Ui il [RF Front Fnif
¥

I =y

Lo
e
fting 1T R Front-Fnd[
e,
1

LG US|y

IF sigeal

0

AU, 03]

. 1 -
g o S T R
i I

BT Front n@j‘_ !

Sup

Phase Shifting Urid] ;

TN |
I

Intirlizad

Coatral Tnit
FRGA

, ),

FIGURE 3. The block diagram of one sub-array in phased array.

In antenna array, the beam-width of main beam Fy is defined
as the angle between the zero-points on the both sides of the
main beam:

F ) . 2ho
o = 2 arcsin( Nd ),
where N is the number of the antennas in this dimension, d
is the distance between adjacent antennas. As the scale of the
antenna array is getting larger, the beam-width of main beam
will be narrower. As illustrated in Fig. 2(c), large scale array
with low phase resolution generates the beam pattern blind
area of coverage. So that the increasing channel loss impacts
on the transmission rate of mobile communication in the blind
area of coverage. It is necessary to apply high precision PSN
in HBF to reduce the unrelated data stream interference and
eliminate the blind area of coverage.

®)

B. PROPOSED MILLIMETER-WAVE HBF TRANSCEIVER
SYSTEM ARCHITECTURE

According to the above analysis, the proposed transceiver
system hardware architecture for mmWave large scale MIMO
is designed. The mmWave HBF MIMO transceiver system
has two main parts, the mmWave active phased array and
IF-baseband subsystem, which are shown in Fig. 1(b).

This 32 RF-chains active phased array is grouped into
four uniform linear sub-arrays which are placed vertically
and one LO subsystem. Each digitized chain in IF-baseband
subsystem connects with one phased sub-array containing
eight RF chains and eight antennas. Fig. 3 illustrates the
simplified block diagram of the proposed phased sub-array
architecture. This mmWave active phased sub-array consists
of IF PSN, IF signal power splitter/combiner network with
path compensation and frequency conversion front-end cir-
cuits with radiation elements. In order to obtain high phase
resolution and low amplitude fluctuation, the IF-path PSN
architecture with novel vector-sum phase shifting unit is
adopted. One FPGA chip is integrated for the control of the
PSN and the transceiver switching, which is communicated
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with the baseband unit through high speed serial peripheral
interface (SPI) lines.

The IF-baseband subsystem in this HBF system not only
provides digital beamforming for baseband signal, but also
up-converts the baseband signal to IF band and implements IF
signal gain controlling. The IF signal has a carrier frequency
of 2.75GHz with 500MHz signal bandwidth. The IF transmit-
ter directly up-converts to 2.75GHz by wideband quadrature
modulator. It also supports the fine tuning of IF oscillator
leakage through the bias voltage adjustment. By utilizing
under-sampling technology, the IF receiver directly samples
and digitally down-converts the IF signal, to eliminate the
error caused by demodulator and simplify the receiver cir-
cuits. To satisfy the sufficient linear output power of different
distance between base station and UE, both IF transmitter
and receiver have gain control components for adjusting the
output signal amplitude and power.

The LO subsystem is placed at the side of the phased
array. This LO subsystem provides 100MHz, 2.754GHz
(IF LO frequency) and 12.6GHz (RF LO frequency). In order
to decrease the phase noise of LO, dual-loop phase locked
loop (PLL) structure is proposed in this design. In addition,
one oven controlled crystal oscillator (OCXO) is used for
high phase noise performance LO design.

C. ADVANTAGES AND CONSTRAINS OF THE PROPOSED
IF-PATH PSN ARCHITECTURE

Fig. 4 illustrates the RF-path phase shifting architecture
and IF-path phase shifting architecture, respectively. In the
traditional RF-path architecture, by using phase shifter in
mmWave, the output signal can be expressed as

DRi(t) = Dpp(t)e/“RF!HORR) ©)

where Dpg(t) is the complex baseband signal, wrr is the RF
carrier frequency and ¢rr is the shifted phase by the RF-path
phase shifter. When IF-path PSN is taken into consideration,
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TABLE 1. Comparison of cost and power consumption in different
architectures.

Module Cost I:grlv:l: Number Number Number
(USD §$) . inDBF  in HBF,* in HBF,
mption
Front- High .
end® /161 High 32 32 32
p Low
Mixer 16 Low 32 4 32
RF .
Phase I/{ll%l Low 0 32 0
Shifter
IF-path Low
DAC Mid. .
/ADC /55 High 32 4 4
High .
FPGA 1714 High 32 4 4

* RF front-end means a standard mmWave front-end circuits which
contain PA, LNA, driver amplifier, LO amplifier and two RF
switches.

"RF phase shifter is used as the analog beamforming in HBF, system
architecture.

¢The IF-path phase shifting unit is used as the analog beamforming in
HBF, system that is designed in this work.

the output RF signal can be given as follows,

Drp(t) = DBB(t)ei(wIFI+¢IF) . ei(wL0l+¢Lo)
— DBB(t)ei(wRF)f . ei(¢IF+¢LO)’ (10)

where ¢rr is the phase of the IF-path, ¢ o is the phase of
the LO-path, wiF is the IF carrier frequency and wy o is the
LO signal frequency. Therefore, by providing in-phase LO
signals to different chains, there is no difference in phase
shifting performance between RF-path and IF-path phase
shifting structures.

However, the proposed IF-path phased array architecture
has several advantages. Firstly, IF-path phase shifting has
fine phase shifting resolution with low amplitude fluctuation
across the whole phase shifting state. The vector-sum phase
shifting unit is used in this IF-path PSN architecture, which is
to weight the amplitude of two orthogonal-phased input sig-
nals (I-path and Q-path) for synthesizing the required phase.
Due to the lower frequency band, the quadrature coupler
has more accurate phase difference between I-path and Q-
path. Moreover, the amplitude weighting device can approach
31.75dB amplitude weighting range with 7-bit control step of
result in fine phase shifting value.

Secondly, a significant advantage of the IF-path phase
shifting is the low cost. In microwave circuits, the price of
chips is proportional to the operation frequency band. The
RF carrier frequency of designed system is 28GHz, while the
IF carrier frequency is 2.75GHz. As illustrated in Table 1,
compared with fully DBF and other HBF architectures with
mmWave bands phase shifters, the cost and power con-
sumption of this [F-path PSN transceiver system are greatly
decreased.

In addition, IF-path phase shifting structure has higher
linear output power in each RF chain. As shown in Fig. 4,
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the maximum linear output power of the RF front-end is lim-
ited by the passive mixer nonlinearity (usually mixer linear
output power is —10dBm at 10dB back-off). In the RF-path
phase shifting, the RF splitter network and RF phase shifter
have total 19.5dB insertion loss, which decrease the linear
transmitted power of front-end. In contrast, in IF-path phase
shifting architecture, the insertion loss between the mixer and
RF front-end input port is moved to the IF-path, which has no
effect on the output power linearity.

One of the major constraints of this passive [F-path phase
shifting architecture is the large insertion loss. Therefore,
as shown in Fig. 4, the bidirectional amplifiers are utilized
in IF-path for compensating the insertion loss, which does
not result in a significant increase in cost. Another limitation
is the relationships between the control signals (amplitude
weighting control) and output phase of this vector-sum phase
shifting unit are not linear, which makes the design of the con-
trol circuits quite complex. Thus, in each phased sub-array,
the PSN is controlled by one FPGA storing with calibrated
linear phase table to simplify the control circuits.

IIl. DESIGN OF TRANSCEIVER ELEMENTAL COMPONANT

A. DESIGN OF THE PHASED ARRAY

1) PHASE SHIFTING NETWORK DESIGN

The most important part in this phased array is the IF-path
PSN that contains eight 8-bit phase resolution phase shift-
ing units. This phase shifting unit is designed based on the
novel vector-sum architecture. The schematic and layout of
this phase shifting unit are shown in Fig. 5. The proposed
8-bit phase shifting unit consists of digital step attenuator,
quadrature coupler, 1-bit phase shifter and power splitter.
Compared with other vector-sum phase shifters [26], [27],
this is one passive phase shifting unit that can achieve good
signal linearity without consuming any DC power. Besides,
this phase shifting unit is bi-directional, thus can be shared in
between transmitter and receiver to save half number of phase
shifting units.

The digital step attenuator (DSA) is used as the amplitude
control component in the unit instead of the gain control
amplifier, which makes the vector-sum phase shifter bidirec-
tional. This DSA (PE43711) has up to 31.75dB controllable
amplitude range that minimizes the range of unreachable
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phase angle. And the attenuation step of this DSA is 0.25dB,
which makes this phase shifter having high phase shifting
resolution and low amplitude fluctuation. Moreover, the 1-bit
phase shifter is used to achieve the fast switching between dif-
ferent quadrants, so that the phase range of this phase shifting
unit can cover 360°. This 1-bit phase shifter consist of single-
pole double-throw (SPDT) switch and wideband 1:1 balun
(transmission line transformer). By switching the dotted ter-
minal and the invert terminal of the balun, the phase of the
IF path can be inverted. Because of the less phase unbalance
introduced by 1-bit phase shifter, the amplitude fluctuation at
whole phase range has been improved. As shown in Fig.5,
the phasor diagrams at the bottom of schematic illustrate
how a representative input signal is modified as it propagates
through the phase shifter. The input IF signal vig can be
constructed by combing two orthogonal signals, vi and vq, for
the 7-path and Q-path, respectively. A pair of DSAs are used
to modify the magnitude of these two orthogonal signals with
the coefficients k; and kg. Two 1-bit phase shifters provide
phase converting in /-path (0° or 180°) and in Q-path (90°
or 270°). After that, with the power splitter, v and vq are
combined together to generate the signal with desired output
phase and amplitude.

With the IF-path bi-directional amplifier, this IF-path
phase shifting unit obtain the gain to increase the signal to
noise ratio. Finally, the voltage of output signal vop can be
written as

vo (1) = £GaLo (kivi £ jkqvg) €™ 19, (11)

where the constant coefficient Lo is the induced insertion
loss, G is the gain of the bi-directional amplifier and ¢ is
the path additional constant phase shift. So the shifting phase
6 which is archived in this phase shifting unit, is

ezwimﬂ<ihw). (12)
kv

In this phase shifting unit, there exists unreachable phase
angle regions because the maximum attenuation response
of actual DSA is up to 31.75dB, which cannot reach the
zero voltage level. When one path is set as maximum signal
(e.g. max(kpvy)) and another path has the minimum signal
(e.g. min(kqvQ)), the phase error ferror caused by unreachable
phase angle region is 1.52°, calculated by using (12). How-
ever, only a few signal vectors are located in this unreachable
region, which has no effect on the phase resolution. Because
this vector-sum phase shifting unit has lots of available output
signal vectors, the calibration of the phase shifting unit is
necessary to simplify control program. In calibration process,
256 phase shifting values with lowest amplitude fluctuation,
are selected and pre-saved in one table with 8-bit storage
depth in controlling FPGA. The measured results of the phase
error of phase shifting unit is illustrated in Fig. 7. After the
calibration of the PSN, the actual RMS phase shifting error is
measured within 0.62° at each set phase. The RMS amplitude
fluctuation of phase shifting unit in the whole phase range is
0.13dB, which is shown in Fig. 7.
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According to the antenna array theory [28], to prevent the
grating lobe of the beam, the distance between adjacent anten-
nas is less than 3/4 wavelength. In this phased array, in order
to satisfy the thermal dissipation of the RF front-end when
transmitting higher power in each RF chain, the distance
between adjacent RF chains is expanded to build the circuits
layout more reasonable. Thus, as shown in Fig. 3 and Fig. 8,
the phase inconsistence, which affects final beamforming
pattern, is introduced between different RF chains. In order
to keep consistency of each RF chain, unequal IF phase delay
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paths are used to increase path length of the intermediate RF
chains, that is called path compensation.

Two control modes with different control words length are
supported in the phased array. The standard mode can be used
for flexible beamforming by setting the phase and amplitude
of each chain separately. While the fast mode can be used in
beam fast switching application with linear phase precoding.
In both modes, the switching between transmitter (Tx) and
receiver (Rx) of each chain can be independently adjusted.

2) FREQUENCY CONVERSION FRONT-END DESIGN

In the HBF communication system, the front-end circuits
can provide enough signal amplitude gain and linearly-
transmitted power in transmitter, as well as the low noise fig-
ure in receiver. This front-end circuit contains RF switch, low
noise amplifier (LNA), power amplifier (PA), sub-harmonic
mixers and SIW bandpass filter (BPF), which is shown
in Fig. 9(a). With this sub-harmonic mixer, the frequency
required by the RF LO becomes half of the original fre-
quency, which is 12.6GHz in this design. Therefore, it sig-
nificantly reduces the design difficulty and the cost of the
LO subsystem. In transmitter, one driver amplifier is used at
mmWave band to drive the PA to output high linear power.
In receiver, the gain block is located at IF frequency band
after the signal down-conversed for low gain fluctuation. As
shown in Fig. 9(b), due to the limited space of the circuits
layout, there are two kinds of SIW BPF for filtering out the
image side-band and LO leakage. These SIW BPF are four-
stage Chebyshev response filter with 2.5GHz bandwidth at
28GHz. The SIW BPFs used in Tx or Rx chain can reach
32dB LO leakage suppression at 25.2GHz and get image
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FIGURE 10. The schematic of the IF-baseband subsystem.

side-band rejection of 70dB. Moreover, the substrate
integrated waveguide (SIW) transmission lines are used
to connect the half wavelength spacing antenna array and
the front-end circuits. The SIW transmission line has the
advantages of low insertion loss, compact size and easily
integration. The radiation antenna element adopted in this
transceiver system is a printed planar end-fire dipole antenna
with integrated microstrip balun, which is reported in [29].
This end-fire antenna element is promising for millimeter-
wave communication due to its high radiation gain, compact
size and low cost [30], [31].

B. DESIGN OF IF-BASEBAND SUBSYSTEM

In the IF-baseband subsystem, there are four digitized chains
which are distributed in two baseband modules and one
4-chain IF transceiver module. The simplified block diagram
of one IF chain with baseband unit in this subsystem is
shown in Fig. 10. In transmitter, the differential operational
amplifier (OPA) not only converts the single-ended baseband
signal into the differential signals, but also achieves the sup-
pression of IF LO leakage through the fine tuning of DC bias
voltage in I-path and Q-path. The Tx digital baseband signal
is converted to IF band by direct up-conversion, and the high
out-of-band spurious are filtered out by the surface acoustic
wave filter. To satisfy different communication coverage dis-
tance, the DSA and gain amplifier are placed on the IF chain
to achieve 31dB dynamic range. In the receiver, the ADC
directly under-samples the IF signal, and then uses digital
frequency down-conversion and filtering to obtain the 1/Q
baseband signals. This method has the advantage of reduc-
ing the size of receiver and avoiding I/Q imbalance caused
by analog demodulation and analog baseband processing.
In order to avoid distortion of the sampling signal of the ADC,
this digital-IF receiver implements a 63dB dynamic range by
using two DSAs and two amplifiers in the receiver chain.
As shown in Fig. 11, the measured results of the S-parameter
at different attenuation level describes the good gain flatness.

C. DESIGN OF LO SUBSYSTEM
The LO subsystem is an important part of the communication
transceiver system in mmWave band. The phase noise of

VOLUME 7, 2019



R. Zhang et al.: High-Precision Hybrid Analog and Digital Beamforming Transceiver System for 5G Millimeter-Wave Communication

IEEE Access

Attenuation = 0 dB
OpF—a—s—s—8—g B—8—8—8—
Attenuation = 10 dB
40
Attenuation = 20 dB
~ 30
3 Attenuation = 30 dB
=20
o Attenuation = 40 dB
10k eyt bl
g Attenuation = 50 dB
L Attenuation = 60 dB
-10 L 1 "
2.5 2.6 2.7 2.8 2.9 3.0

Frequency (GHz)

FIGURE 11. The gain fluctuation of IF receiver chain at different
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FIGURE 12. The block diagram of proposed LO subsystem in the phased
array.

LO signal has great influence on the digital phase mod-
ulation communication system. Because of the frequency
conversion, the phase noise of LO signal is mixed into the
modulated carrier signal, which deteriorates the signal to
noise ratio. In general, as for multi-carrier modulation tech-
nology such as orthogonal frequency-division multiplexing
(OFDM), the phase noise impacts on its subcarriers orthogo-
nality and inter-carrier interference. Therefore, to inhibit the
LO phase noise, a dual-loop PLL structure is used in this sys-
tem, as shown in Fig. 12. The 10MHz from global positioning
system (GPS) source not only is the reference clock of the
whole LO subsystem, but also synchronizes different devices.
One 100MHz OCXO is utilized as the reference clock of the
RF LO and IF LO. Thus, the phase noise of the PLL can
be reduced by 10dB, comparing with the one using 10MHz
reference clock directly. In addition, one amplifier and one
power splitter network are employed to supply enough LO
signal power for mixers in multi-chain.

IV. EXPERIMENTAL RESULTS

A. PHASED ARRAY TRANSCEIVER AND BEAM
PERFOMANCE TESTS

The HBF communication system signal quality is highly
dependent on the transceiver performance. In general,
the parameters that demonstrate the RF performance of
transceiver include transmitted power linearity, receiver
noise, gain fluctuation, spurious suppression and LO phase
noise. With the help of signal generator Agilent N8267 and

VOLUME 7, 2019

g ] _ _ . Transmit Spurigus —8— Receiver
g of Rejection 25| —&— Transmitter
. Fessesg g aiiiig
5 -5k >65dBe gof
3 3
| =)

nc.: 30k ! Tx Gain Fluctuation = 1.1 dB
= t 1S
.% -45!~ G Rx Gain Fluctuation = 1.3 dB
= 10}
o
-4

¥ ]

% 26 28 30 32 278 279 280 281 282
Frequency (GHz) Frequency (GHz)
(a)
-80

14.4 dBm h I (AR R
-48.9dBe | 7 -SD.6 dBe| | Frequency iHz
- ] T g i 8
E.m | g—— | e g.wo ; ; i
=] 1 | ] |
2 i N & =] i
5 40f i | S
z 3 | -
é < Offset | Phusse MNoise (dBeT)
< - 7140 1LH: 457 S i .
= [ 2 | ok -1 12 " -
- e ) R 0354 :\h
= B 160 [ s NEEEd] i
U I il e il i il
72 2746 280 284 2ES 1k 0k 100k 1M 10M
Frequency (GHz) Offset Freauenev (Hz)
(©) (d
1 Corst 1/ O MeasRel) ®1M Cirw
ok el P‘?ul= 14 dBm
L e ol S B
R Rt
R R s
o T e e
R
R S
A4+ 44 4 QAM-64
EVM: 2.32%
-2.48 PR

(e)

FIGURE 13. The measured RF performance of the phased array.

(a) Transmit spurious spectrum. (b) Tx gain response and Rx gain
response. (c) Transmit chain power linearity and ACPR. (d) RF LO phase
noise at 12.6GHz. (e) EVM and signal constellation.

spectrum analyzer Agilent N9030, the measured spectrum of
phased array transmitter is shown in Fig. 13(a) and the trans-
mit spurious rejections are more than 65dBc. The measured
gain of the transmitter is more than 22dB with the 1.1dB
gain fluctuation over S00MHz bandwidth, which is shown
in Fig. 13(b). The measured received gain is 21dB and the
received gain flatness is 1.3dB over S00MHz channel band-
width. Moreover, the measured noise figure of the receiver is
below 5.3dB.

The transmit power linearity is characterized by adjacent
channel power ratio (ACPR). As illustrated in Fig. 13(c),
a QAM-64 modulated signal in 28GHz with S00MHz band-
width is applied at 10-dB back-off from P1dB. The measure-
ment ACPR is —48.9dBc and the practical transmit power
of is 14.4dBm. Therefore, for transmitting high peak-average
ratio signal such as OFDM signal, each RF transmitter chain
can provide 14.4dBm linear power. Through the signal ana-
lyzer FSUP, the measured result of the RF LO at 12.6GHz
shows great phase noise performance, which is illustrated
in Fig. 13(d). The integrated phase noise in the entire off-
set bandwidth is —48.6dBc, which is superior for high-
order modulation signals. To characterize signal quality of
whole system, the measured EVM of single-carrier QAM-64
modulation signal is 2.32% and the signal constellation is
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FIGURE 15. Measured horizontal plane beam patterns of the designed
HBF array at 28GHz. (b) Measured fine resolution beam steering in the
horizontal plane after calibration.

shown in Fig. 13(e). The measured RF performance of this
transceiver system are summarized in Table 2.

The beam coverage and beam steering resolution indicate
the performance of analog beamforming of the phased array.
Fig. 14 shows the designed phased array under beam pattern
measurement and beam switching test in the anechoic cham-
ber. In fast control mode, 11 orthogonal beam patterns are
selected from all beams to cover the whole space angle range,
which is shown in Fig. 15(a). The measured results show
that the beam coverage of main beam can reach 90° range
in the horizontal plane. In addition, the beam patterns with
minimum resolution angle are demonstrated in Fig. 15(b),
where the fine beam resolution can be found as 0.6°.
With the amplitude weighted in different RF chains, the low
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TABLE 2. Measured specifications of transceiver system.

RX TX
Frequency (GHz) 28
IF Bandwidth (MHz) 500
LO Int. Phase Noise -48.6 dBc
Gain (dB) 21 22
Fluctuation (dB) 1.3 1.1
Tx OP1dB (dBm) - 24.4
Rx NF (dB) 53 -
Gain Control Range (dB) 63 31
Phase Control Resolution 1.4° (8-bit) 1.4° (8-bit)

/ m Distance

" HBF System Indoo

FIGURE 16. Photograph of the HBF system indoor over-the-air MIMO
signal transmission test scenario.

side lobe beam pattern can be achieved to further decrease
the interference to other UEs. The beam performance of this
work and the comparison with other phased array transceivers
are summarized in Table 3.

B. OVER-THE-AIRMIMO COMMUNICATION
PERFORMANCE TESTS

To verify the performance of this HBF communication sys-
tem, two identical HBF transceiver systems are employed
for the indoor over-the-air signal transmission test. One HBF
transceiver system acts as the base station and another acts as
the UE. According to the standards of 5G, wideband multi-
carriers signal is applied in actual communication system.
Therefore, the indoor over-the-air test use S00MHz band-
width OFDM data streams, whose adopted modulation mode
is QAM-16. The indoor test scenario is shown in the Fig. 16.
Two HBF transceiver systems are located at the ends of
the wooden table, with the distance of 8m. Simultaneously,
the PC host shows the real-time demodulated signal con-
stellation, spectrum and correlation peaks of the received
signals. Due to the laboratory conditions, the 2 x 2 MIMO
communication test is employed in this system. At first,
different signal streams are transmitted by any two of the four
digital chains in each test. The signals are radiated into the
space through different analog precoding matrix in phased
array, respectively. At the receiver, any two of the four digital
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TABLE 3. Comparison with other phased array transceiver system.

RMS
Frequency  Elements a PSN Phase Phase RMS Mag. Beam
Reference (GHz) in Array Tx/Rx Architecture Range Resolution Ig;?;f Fluctuation  Resolution EVM
1.64%
21] 28 3 T’;g(nd hRF 'pi?flt 360 sEebin  <a <0.7dB <1° QAM-64
phase sitie (100MHz)
RF-path 0 . . . .
23] 28 8 Rx ohasc shifier 360 11.25°(5-bit) 0.4 0.8dB 4 -
22%
132] 28 8 T’i{ax“d h‘::;g’ﬁg?ter 360° 45°(3-bit) 7 . 14 QAM-64
p (10MHz)
Tx and RF-path 0 o g 1n ° 0
133] 28 32 . phasc shifier 360 5°(6-bit) <1 <1.5dB 1.4 -
Tx and RF-path o ors 1u o o
[34] 28 64 o ohasc shifier 360 11.25°(5-bit) 5 0.5dB 36 -
. IF-path 1.05%
;52:; 28 32 Tﬁgfd vector 360°  14°(8-bit)  062°  0.13dB 0.6° QAM-64
modulator (100 MHz)

*Tx means the transmitter array, and Rx means the receiver array.
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FIGURE 17. (a) The spectrum of received 500MHz OFDM signal. (b) The
measured results of received signal constellations of two UEs.

receiver chains, which are equivalent to two UEs, receive
the MIMO signals simultaneously. After that, the received
signals are down-converted and sampled to baseband units,
the sampled spectrum of which is shown in Fig. 17(a). The
received signal constellations of the two data streams are
demonstrated in Fig. 17(b). The received demodulated signal
EVMs of two UEs are 2.58% and 2.34%, respectively. In the
ideal case of QAM-16 modulation signal, each data stream
can achieve a maximal date rate of 1.9692Gbps. The over-the-
air tests verify the feasibility of building a high performance
HBF transceiver system for high data rate millimeter-wave
cellular communication.
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V. CONCLUSION

In this paper, a 32-antenna HBF transceiver system based on
high precision phased array for mmWave MIMO communi-
cation is developed. This mmWave MIMO HBF transceiver
system is operated at 28GHz band with 5S00MHz signal
bandwidth. The HBF system contains four 8-antenna sub-
arrays with their IF-baseband subsystems. This paper also
analyzes the influence of the RF chain vector error to the
final beam pattern and designs a high precision phased array
based on the analysis. Measurement results show that the
beam coverage range in 28GHz is more than 90° with a
0.6° beam resolution. With carefully design of mmWave RF
front-end circuits, the proposed transceiver system achieves
great RF performance. Through the two streams indoor
over-the-air MIMO communication test, the high data rate
mmWave communication of this HBF is verified, and as a
result, the received EVMs of two UEs are 2.58% and 2.34%,
respectively.
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