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Abstract

In this study, we propose a limited feedback-based frequency divided group

beamforming with sparse space-frequency transmit diversity coded orthogonal

frequency division multiplexing (OFDM) system for ultrareliable low latency

communication (URLLC) scenario. The proposed scheme has several advan-

tages over the traditional hybrid beamforming approach, including not requir-

ing downlink channel state information for baseband precoding, supporting

distributed multipoint transmission structures for diversity, and reducing

beam sweeping latency with little uplink overhead. These are all positive

aspects of physical layer characteristics intended for URLLC. It is suggested in

the system to manage the multipoint transmission structure realized by distrib-

uted panels using a power allocation method based on cooperative game the-

ory. Link-level simulations demonstrate that the proposed scheme offers

reliability by achieving both higher diversity order and array gain in a non-

line-of-sight channel of selectivity and limited spatial scattering.
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1 | INTRODUCTION

It is anticipated that the fifth generation (5G) New Radio
(NR) wireless system will support a variety of specialized
services in real-world scenarios of vertical domains like
factory automation, automotive controls, e-health care,
smart metering, and tactile internet. In such machine-
type communication (MTC), the aspect will play a signifi-
cant role in the future beyond 5G networks [1, 2]. The
ultrareliable low latency communications (URLLC) ser-
vice class introduced in the 5G NR can be used to imple-
ment mission-critical MTC among the other MTC
services. URLLC service class caters to mission-critical
applications with strict quality of service requirements.
For instance, the codeword block error rate for a URLLC

application intended for factory automation in the post-
5G era suggests that there are strict requirements block
error rate (BLER) of 10�9 and submillisecond end-to-end
latency [3–8].

Wireless communications that are ultrareliable and
low latency demand design objectives that call for signifi-
cant physical transmission technique design to combat
erratic wireless channel behavior. There are significant
obstacles that physical layer design must get around to
make it possible for URLLC network services to be
deployed in the millimeter wave (mmWave) bands.
Examples of this include dealing with cell-to-cell interfer-
ence and high signal propagation loss in free space in
channel environments. The former could be partially
compensated by applying beamforming with tightly
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packed antenna arrays having high levels of antenna cor-
relation, and the latter could be mitigated or/and avoided
by deploying multipoint transmission method or adaptive
neighboring cell scheduling combined with beamforming
to improve the SINR.

Recent research and practice have focused on a tech-
nique known as hybrid beamforming, which uses large
antenna arrays at both the transmitter and receiver along
with baseband precoding and combining techniques
[9–16]. The suggested method deviates from earlier works
in that a hybrid beamforming technique is used. The
assessed model of channel structure is strictly limited to
the baseband model that analog beamforming before digi-
tal beamforming is assumed, whereas the previous works
model antenna element level channel structure and pre-
coding. Even though the hybrid beamformer’s digital pre-
coder dimension is much smaller than its analog domain
counterpart, accurate knowledge of the downlink channel
coefficients at the radio frequency (RF) chain matrix level
is necessary for the transmitter to operate at its best. All
possible combinations of the analog domain of massive
antenna elements, which are typically adjusted by a phase
shifter network and digital precoding result in a noncon-
vex optimization problem that must be solved.

For the URLLC environment, searching optimal solu-
tion for a combined precoding matrix and analog phase
shifter accounting for extended beam sweeping duration
may not be delay efficient. For large antenna arrays,
heavy overhead is needed for this two-stage feedback for
both the RF beamforming and the baseband beamform-
ing. In the absence of a limited feedback strategy, the
estimated values of an accurate downlink channel the
receiver’s coefficient feedback could cause significant
overhead and processing latency. For factory automation,
the required end-to-end latency is expected to be less
than 1 ms such that tolerable latency for deploying
extended sweeping time of analog beam selection and
channel coefficient feedback-based closed-loop hybrid
beamforming/beam-tracking might be difficult. Conse-
quently, limited feedback beamforming using a spatial
diversity technique in conjunction with beam selection
and a simplified digital domain codebook index [17]
could be a desirable general solution for meeting the
latency requirements in the physical layer.

In this paper, we propose a URLLC system using lim-
ited feedback frequency divided group beamforming with
sparse space-frequency transmit diversity coded orthogo-
nal frequency division multiplexing (OFDM). Motivated
by Kaiser [18], parts of channel coding codeword are
combined with space-frequency block code (SFBC)
accommodating more than two antenna ports, allowing
spatial transmit diversity (instead of duplicated eigen-
mode transmission of symbols in the multispatial stream)

combined with beamforming via massive antenna ele-
ments. Through simulations, we show that the proposed
structure of partially connected beamforming antenna
groups to the number of frequency-separated RF chains
(ports) enables diversity combining in frequency as well
as a spatial domain with beamforming array gain. We
emphasize that for a latency-effective URLLC physical
layer design above 6 GHz systems, finding the balance
between array gain and diversity order is the best course
of action. We also demonstrate that adjusting the trans-
mit power ratio of beamforming antenna groups through
cooperative game theory with parameters obtained from
the beam selection process and limited feedback further
assists in acquiring signal-to-noise ratio (SNR) margin for
improved link performance because beamforming
antenna groups can be spatially separated.

The rest of the paper is organized as follows. In
Section 2, we present the system model of the proposed
frequency divided group beamforming transmits struc-
ture with low complexity transmit power control game,
including preliminary results in Section 3; numerical per-
formance results are presented for the proposed transmit-
ter layout as well as a few reference systems. Finally, we
draw concluding remarks in Section 4. The following
notations are used throughout the essay. Let bold and
upper case bold symbols represent vector and matrix,
respectively, and x ∗ and jjxjj2 denote the conjugate
transpose and the squared Euclidean norm of vector x,
respectively.

2 | SYSTEM DESCRIPTION

Reliability requirement beyond 5G NR URLLC at above
6 GHz is expected to be around BLER 10�9 at the 5th per-
centile SINR cumulative distribution function of the test
environment [1], and it may require designing a physical
layer acquiring both beamforming array gain and diversity
to achieve minimal required SINR for reliability, since the
target BLER is at an extremely low level. We describe a sys-
tem to successfully acquire both diversity and array gain in
a non-line-of-sight (NLoS) channel to satisfy the require-
ment of the beyond 5G NR URLLC scenario, where the
maximum number of massive antenna elements at both
bases and the mobile station are relatively limited.

2.1 | Received signal vector after
baseband transform precoding and 2D
analog vector steering

The following is a description of the baseband transmis-
sion process for the proposed sparse space-frequency
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block code (SSFBC) system. As shown in Figure 1, a rate-
matched channel, the codeword bit stream is modulated
and then a complex symbol vector is formed. Symbol
transform precoding block first duplicates input symbol
sð�Þ and then applies permutation and conjugation as
follows:

s0ðkÞ¼ zðkÞ � sre kþ zðkÞð Þ� j � sim kþ zðkÞð Þ½ �
z¼ ð�1Þk, k¼ 0, 1, :::, C¼Q�1

ð1Þ

that two consecutive Ns�1 symbol vector s¼
½sðkÞ, s0ðkÞ�T in frequency domain (i.e., ½sk, skþ1�) form
SFBC unit [19]. sjtextre and sim means real and imaginary
part of symbol sð�Þ, respectively. C refers to codeword
length, and Q is the modulation order. The SFBC block is
multiplexed with precoding matrix FBB before conversion
to OFDM waveform.

For simplicity, a subcarrier-wise multiple input multi-
ple output (MIMO) channel is considered, which yields a
received signal

y¼HFRFFBBsþn, ð2Þ

where y is the N r�1 receive vector, H is the N r�N t

channel matrix, and n is the vector of additive Gaussian
noise with i.i.distribution CN ð0,N0Þ. FBB is the transmit-
ter baseband precoder composed of Ns by Ns spatial
stream (ss) dimension. FRF is the N t�Ns transmitter RF
precoder composed of 2D uniform planar arrays of
steering vector q per N s spatial stream dimension,
expressed as

FRFθ,ϕ ¼ ½q q�: ð3Þ

Given the calculated zenith angle of departure (ZoDs)
and azimuth angle of departure (AoDs), each spatial
stream deployed in cross-pole antenna placement is
steered by vector q expressed as follows:

q ¼ gϕH

N
uθV , N t ¼KL

uθ½V,k ¼ 1ffiffiffiffi
K

p 1, ejπ1cosðθVÞ, :::, ejπðK�1ÞcosðθVÞ
h iT

gϕH,l
¼ 1ffiffiffi

L
p 1, ejπ1sinðϕHÞ, :::, ejπðL�1ÞsinðϕHÞ
h iT

,

ð4Þ

where
N

means Kronecker multiplication and K and
L are the total number of antenna elements in the verti-
cal and horizontal dimensions, respectively. uθV refers to
discrete Fourier transform (DFT) weight vector in vertical
direction, whereas gϕH

refers to phase shift weight direc-
tion in the horizontal direction. Interantenna spacing
(either vertical or horizontal direction) of λ=2 is assumed.
θV and ϕH are the estimated ZoD and AoD beam direc-
tion angle values, respectively. In the proposed system
model, we set the vector size of q as N t. Since cross-pole
antennas are used to implement spatial stream separa-
tion, as shown in Figure 1, the array weight vector q for
each N s spatial stream is essentially the same.

The methods for finding the vector phase shift coeffi-
cients on analog beamforming/precoder follow the 5G
NR beam sweeping concept. According to the NR
specification, the base station may send the same

F I GURE 1 Transmitter structure of the proposed system with two beamforming/frequency-separated groups (panels) example; 64 with

(32 for beamforming groups) and 16 antenna for transmitter and receiver elements (AE) are shown, respectively
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synchronization signal block (SSB) up to 64 times in suc-
cession. The base station FRF sets a variety of preconfi-
gured sets of two-dimensional phase shift values through
this identical SSB transmission in the baseband, and the
mobile station responds to the SSB time slot or instant
that measured the highest receive power of the RS con-
tained in the SSB slot structure. As such, the phase values
θV and ϕH for each transmits beamforming group are
determined.

FBB is composed of a simple precoding matrix and a
connector that switches the input signal vector sðkÞ to
different RF chains according to the frequency location.
Depending on the Mðm¼ 0, 1, …, M�1Þ partially con-
nected beamforming groups, the switching function for
RF chain SFBC group domain can be expressed as
m¼ðk=f subÞmodðNRF=2Þ, where f sub refers to frequency
domain subband length. The baseband spatial layer is not
increased by an increase in the RF chain or beamforming
groups; it should be noted.

Simple transmit diversity using a cross-pole antenna
configuration to maximize spatial channel gains make up
the baseband structure. Two spatial streams are separated
by a cross-pole configuration, as shown in Figure 1.
While the instantaneous power due to random phases
and transmit/receive ray coupling corresponding to azi-
muth and zenith may vary, the long-term channel power
originating from each cross-pole is almost the same.
Applying a precoder made of unit vectors is now possible,
which may help to close the information gap between the
mobile station’s feedback and the eigenvalues of each
spatial stream. In the most straight forward conventional
close-loop beamforming method, the receiver measures
composite channel Heff ¼HFRF, and FjtextBB can be
derived by applying singular value decomposition (SVD)

Heff ¼UΣVH, ð5Þ

where U and V are unitary matrices. The receiver selects
one from the finite beamforming precoder matrices

FBB ¼QnðVÞ¼ ½f 0 f 1�, ð6Þ

where f 0 ¼ ½a,bejφ�T and f 1 ¼ ½b,�aejφ�T are vectors which
are composed of quantized/normalized magnitude values
a,b and quantized angle φ� ½0,2πÞ. Qn is a quantization
operator. From several solutions found for unitary matri-
ces U and V, an arbitrary phase value is multiplied by
the columns of orthonormal vectors f 0 and f1 to make
the first row of V as a real number. At the receiver, base-
band filter WBB ¼UH is assumed.

Despite the known optimal performance of feeding
back the precoding matrix V to the transmitter, it
involves large overheads even if a highly compressed

quantization process of QnðVÞ is applied, and such could
potentially impair the uplink channel reliability. Since
the reliability of the proposed system is achieved by maxi-
mizing diversity, a different but marginally less efficient
method of enhancing link performance could be achieved
by lowering spatial correlation between SFBC layers. The
spatial correlation could be assessed by channel condition
number (CN), and to reduce the feedback information
and receiver complexity, FBB ¼ ½f 0 f1� can be redefined as
follows:

f 0 ¼
ffiffiffi
2

p� ��γ½1,γejφ0 �T

f 1 ¼
ffiffiffi
2

p� ��γ½γejφ1 ,1�T
ð7Þ

for minimizing CN, further removing the need for WBB

at the cost of link performance. Instead of feeding back
the V, the receiver analyzes the net result of the eigen-
values by applying

HeffFBB ¼ �UΣFBB
�VH

: ð8Þ

Predefined library of precoding matrices composed of
finite combination values of φ0 and φ1 are compared, and
they are matched to minimize the CN ¼
λmax=λmin , λmin ≠ 0 from the diagonal matrix ΣFBB . Let γ
be a binary value such that if not a single precoding
matrix FBB from the predefined library lowers the CN,
then γ¼ 0. Limited feedback quantized values of φ0,φ1

and binary bit γ are fed back to the transmitter. For
instance, the total overhead for SVD feedback would be a
total of 24 bits but would only be 9 bits for the proposed
system if we assumed approximately 10 bit per amplitude
value and 4 bit for angular values. This translates to
62.5% feedback reduction in terms of lowering feedback
report overhead in the uplink.

2.2 | Partially connected analog
beamforming structure with unified array
response vectors

It is well-known that there are two main categories for
the architecture of RF chain-to-antenna mapping in
hybrid beamforming: fully connected and partially con-
nected. We suggest implementing a partially connected
scheme rather than a fully connected antenna to RF
chain architecture. As seen in Figure 1, having fewer ana-
log parts and antennas per RF chain reduces array gain
but increases transmit power thanks to partially con-
nected structures for each antenna element and simpler
hardware. The example architecture shown in Figure 1
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intends two frequency regions and physical distance sep-
aration (i.e., d λ

2) per beamforming group (i.e., panels in
Figure 2) to gather channel difference. The goal of this
sparse space-frequency baseband structure and analog
beamforming structure with partial connections is to
increase diversity in the frequency and spatial domains.
When it is extended to a multipoint transmission system
(example in Figure 2), the probability of obtaining both
lines of sight channel and ZoD/AoD angles closer to
bore-sight increases.

The subbands in the even frequency regions of the
example in Figure 1 are linked to the first RF chain and
antenna group, while the other subbands in the odd fre-
quency regions are linked to the second RF chain and
antenna group. This makes it possible for each
frequency-separated beamforming group to indepen-
dently sweep the beam, and spatial diversification is
caused by effective channel coefficients as a result of
frequency-separated allocation. Because of the strict fre-
quency region dependence of the proposed sparse fre-
quency to spatial layer structure, diversity is provided at
the expense of a lower transmit array gain. When com-
pared with the fully connected frequency to the spatially
dense case, which is later discussed in the numerical sec-
tion, this frequency-separated and partially connected
approach is shown to be more effective in terms of

achieving higher diversity order in NLoS channels for
URLLC applications while requiring lower SINR target-
ing BLER at 10�9.

Note that in Figure 1, beamforming groups are at
least 2λ (assuming d ≥ 4) apart. Because the beamform-
ing groups are frequency-separated, the receive beam-
forming process for each baseband frequency region can
be carried out independently, resulting in channel diver-
sity. We assume that DFT-based steering angles in (4) for
transmit and receive antennas are obtained from the
beam selection process that AoD and ZoD can be implic-
itly showed to the transmitter in response to the strongest
AoD/ZoD beam angle through periodically sending syn-
chronization reference signal burst (SSB) during initial
access and beam management phase, as well implemen-
ted in 5G NR [20, 21]. Such a beam selection procedure
can be seen as a limited feedback beamforming method
in and of itself.

2.3 | Power allocation method for
distributed panel based intercell joint
multipoint transmission

The transmitter structure of the suggested system is
strictly single-user based, and the beam selection method
focuses on delivering the greatest array gain. This could
lead to interference between various users. Appropriate
multiplexing and base station scheduling can allocate
downlink/uplink resources while controlling intracell
user interference. There are restrictions on how this
DFT-based RF beamformer can handle interference from
neighboring cells, and it can also significantly increase
intercell interference for users who are situated at cell
edges. As shown in Figure 2, cell edge users suffering
from intercell interference by neighboring base stations
can benefit from making the other base stations partici-
pate in the joint cooperative transmission. In 3GPP LTE,
coordinated multipoint transmission and reception are
used for this intercell multipoint transmission. The fre-
quency divided group beamforming concept used in the
proposed system enables each beamforming group to be
logically and physically located in neighboring cells.
Thus, when frequency bin regions are divided into three
independent (but sharing a common codeword) beam-
forming groups, the transmitter structure of Figure 1 can
be extended to Figure 2. In this way, cooperative trans-
mission could be used to manage interference from
nearby cells.

Participating base stations typically assume that chan-
nel state information (CSI) or channel quality indicator
(CQI) is provided when allocating transmit power. Net-
work sum capacity can be optimized by allocating the

F I GURE 2 Multipoint transmission scheme for MS located at

cell edge
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proper power to each transmission reception point (TRP)
(or distributed base station’s panels) by reducing the user
interference of noncooperating base stations or cooperat-
ing nonparticipating panels when CSI for all participating
TRPs is provided. The multipoint transmission scheme
can be viewed as distributed antenna system (DAS), and
power allocation plays an important role in improving
the channel capacity of DAS [22]. It has been extensively
studied how to allocate power for a DAS system, and the
majority of the suggested plans presuppose that transmit-
ters are aware of the downlink CSI.

Conventional power allocation methods assume that
exact CSI is available at the transmitter, but we propose
replacing the exact full CSI feedback with transmit beam
direction (i.e., ZoD/AoD) and CQI, which reduces feed-
back traffic significantly. A cooperative game is used to
develop the solution for estimating the transmit power of
participating TRPs, and the reduced feedback overhead
for power control is used to determine the proper trans-
mit power control for participating TRPs. With transmit-
ter beam angle and CQI-based power allocation (ACPA),
I base stations near the mobile station form a cooperating
multipoint transmission set, and each base station’s panel
has a set of P¼fPijP0, P1, …, PI�1g bounded by
Pi � ½Pmin , Pmax �. Then the utility function of the i-th
TRP can be defined as follows:

uiðPi,P ∖ iÞ¼
log2 1þPiΩið1�βÞþβqiþ

P
∖ i � IðP ∖ iΩ ∖ ið1�βÞþβq ∖ iÞ
N0

� �

� log2 1þ
P

i � IP ∖ iΩ ∖ ið1�βÞþβq ∖ i
N0

� �
�αPi

¼ log2 1þ PiΩið1�βÞþβqiP
∖ i � IðP ∖ iΩ ∖ ið1�βÞþβq ∖ iÞþN0

� �
�αPi,

ð9Þ

where P ∖ i refers to the power of other base station’s TRPs
(panels) except i in the cooperating transmission set. N0

is the noise power factor. α refers to the penalty of inter-
ference caused by the i-th TRP to other downlink chan-
nels, while the first term of (9) is the utility margin
related to Pi. β is a weighting ratio of angle-based channel
power and CQI level for determining the estimated chan-
nel gain of each TRPs. Ωi is an estimated long-term chan-
nel gain factor originating from ZoD/AoD, expressed as
[23]

Ωi ¼ 10�min min 12 ZoDi�90o

65o

� �
, 30

� �
þmin 12 AoDi

65oð Þ, 30½ �, 30
� �

=10þβ:

In nonideal intercell back haul case, current instanta-
neous P ∖ i are unknown to base station i, since the partic-
ipating base station’s P ∖ i of a panel is hard to track

instantly due to numerous downlink beamformed sched-
uling situations. The initial power value for the cooperat-
ing TRPs’ power is set to Pmax=I due to the power
allocation issue caused by the cooperating base station’s
panel’s unknown transmit power information. Thus, (9)
is modified to

ui Pi, P ∖ ið Þ¼ log2 1þ PiΩi 1�βð ÞþβqiP
∖ i � I

Pmax

I
Ω ∖ i 1�βð Þþβq ∖ i

� �
þN0

0
BB@

1
CCA

� αPi,

ð10Þ

such that ZoD/AoD and CQI levels from other TRPs are
gathered to the mobile station and then reported to the
serving base station. qi is the CQI level of the i-th mobile
station’s feedback. Then, each base station i’s adjustment
of its transmit power Pi to maximize the utility function
yields

Popt
i ¼ argmax uiðPi,P ∖ iÞ,Pi � ½Pmin , Pmax �

s:t: αi,min < α< αi,max , Pmax ≈
PI
i
Pi:

ð11Þ

We obtain Popt
i by letting ½∂uiðPi,P ∖ iÞ�=∂Pi ¼ 0 and

searching α that satisfies the constrains of (11), then we
have

Pi ¼ 1
α ln 2

�
P

∖ i � I
Pmax
I Ω ∖ ið1�βÞþβq ∖ i

� �þN0

Ωið1�βÞþβqi
: ð12Þ

If Popt
i < ¼ 0, then Popt

i ¼ 0. The actual transmit power
Pi is affected by the upper and lower bounds; therefore, α
is bounded by

αi,min :¼ 1
ln 2

Pmax þ
P

∖ i � I
Pmax
I Ω ∖ ið1�βÞþβq ∖ i

� �þN0

Ωið1�βÞþβqi

!�1

αi,max :¼ 1
ln 2

Pmin þ
P

∖ i � I
Pmax
I Ω ∖ ið1�βÞþβq ∖ i

� �þN0

Ωið1�βÞþβqi

!�1

:

ð13Þ

As an example similar to Figure 2, when ZoD/AoD of
three participating TRPs have ZoD0=AoD0 ¼ 130�/60�,
ZoD1=AoD1 ¼ 100�/10�, ZoD2=AoD2 ¼ 110�/20� and
N0 ¼ 0:02, with all the same CQI value qi of 0.5,
β¼ 0:5,α¼ 0:895, then we obtain P0 ¼ 0:06,P1 ¼ 0:61,
P2 ¼ 0:33. Both β and qi are normalized values.
Pmax ¼ 10� and Pmin ¼ 10�3 are assumed. And the con-
straint in (11) is met. When CQI is not available, the

930 YOON ET AL.



proposed power allocation scheme can still be functional
by setting β¼ 0. Be aware that the suggested method can
be used in the single cell multipanel transmission case.
This would make P ∖ i instantly known to base station i.

2.4 | Receiver processing

At the receiver, receive beamforming steering vector WRF

of N r x NRF similar to (4) combines all the signals from
N t antenna elements that are convoluted with channel
and then mapped to RF chain input signal. The receiver
measures the received power of the RS for the receiver
side analog beam sweeping operation during the transmit
beamforming sweeping time. Assuming that the trans-
mitter side beamforming weight during a specific sweep-
ing interval is fixed, the receive analog beamformer
applies preconfigured set of phase shift vector for θV;ZoA
and ϕH;AoA. Due to the proposed frequency-separated
beamforming system structure, the receiver can perform
simultaneous θV;ZoA and ϕH;AoA estimation per transmit-
ter beamforming groups. The array response vector calcu-
lates the ZoA/AoA following baseband fast Fourier
transform (FFT) operation and baseband precoder coun-
terpart filtering. Then, we obtain a signal in the fre-
quency domain

rk ¼WBBWRFyk
¼WBBWRFHFRFFBBsþWBBWRFn,

ð14Þ

where WBB ¼UH if quantized version of unitary matrix
V is set for FBB; otherwise, WBB can be set as identity
matrix I, as proposed by minimizing CN of limited feed-
back version.

The issue of estimating the SFBC coded transmit sig-
nal from receive vectors from two subcarriers is one that
the receiver attempts to resolve by searching

arg min
ŝ¼½s0,s1�T� Q

jjr2kþ r ∗
2kþ1�Heff,2k ŝ�H ∗

eff,2kþ1ŝ
∗ jj2: ð15Þ

Here, transposed transmission of SFBC block unit
in (1) SSFBC ¼ ½sk,skþ1�T is assumed. There are other lin-
ear detection methods available for estimating SFBC
coded symbols. The interference may, however, result in
a BLER floor because of the presence of channel fre-
quency response (CFR) selectivity even between neigh-
boring subcarriers. Without a method for handling the
interference brought on by subcarrier CFR difference,
such zero-forcing and/or minimum mean square
estimation-type receivers might not be appropriate for
URLLC systems.

3 | NUMERICAL RESULTS

The results of link-level simulation using the cluster
delay line (CDL) channel model and various transmit
antenna placement configurations are compared in this
section. The evaluation assumptions and parameters are
given as follows: center frequency of 30 GHz is applied,
240 kHz subcarrier spacing, mini-slot of two OFDM sym-
bols (0.01042 ms of transmission time interval [TTI]),
491.52 MHz system bandwidth, 100 RBs (1200 subcarriers
out of FFT size 2048) assigned, and 32 bytes of payload
size is assumed. The front-loaded demodulation reference
signal (DMRS) of one OFDM symbol is occupied despite
the assumption of perfect channel estimation, so the
other OFDM symbol is used for payload transmission.
NR low-density parity check (LDPC) base graph 2 [24] is
applied for channel coding. CDL-A channel model [23]
with an average delay spread of 29 ns is configured. In
default, ZoD (90� ≤ θ≤ 135�, AoD (�60� ≤ θ≤ 60�, ZoA
(45� ≤ θ≤ 90�), and AoA (�180� ≤ θ≤ 180�) angle
spreads are considered, as described in an earlier study
[25]. The base station vertical tilting degree of 20� is
assumed. By aligning with the angles of the strongest
cluster in the CDL-A channel model, the beamforming
technique is used at both the transmitter and the receiver
(i.e., the second cluster).

Some of the simulation configurations are set experi-
mentally to observe the best reference performance for
comparisons. In these circumstances, it is assumed that
the transmit ZoD, AoD, ZoA, and AoA are configured
with the receiver at bore-sight and that angular spread is
not used. The transmitter is equipped with 4 � 8 � 2 (V
� H � Pol.) antenna configuration. An example of two
beamforming groups correlated with frequency division
is shown in Figure 1. Both vertical and horizontal dimen-
sions are used when virtualizing antenna array ports. As
shown in Figure 1, 2�4�2 (V � H � Pol.) receive
antenna configuration is applied. As an experimental
case, the impact of angular spreads without receive
beamforming is observed and contrasted with that of
receive beamforming with bore-sight ZoA/AoA using a
1�1�2 (V � H � Pol.) antenna configuration.

We first compare the effectiveness of obtaining diver-
sity order only with SSFBC structure under ZoD/AoD/
ZoA/AoA bore-sight angle in NLoS channel conditions.
As a result, angular spread and beamforming are not
applied in Figure 4. To compare the efficiency in obtain-
ing the diversity order, the number of transmit RF chains
is set to either 8 or 16. When eight RF chains are
assumed, eight AEs are tied with one RF chain, whereas
four AEs are assigned for 16 RF chain cases. Default
antenna spacing of λ=2 among antenna elements is
assumed.
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The reference scheme, shown in Figure 3, has each
antenna port of increasing time delayed (or cyclic delayed
diversity) transmit diversity [26] structure with known
bit/symbol level scrambled the sequence in the spatial
domain. This scrambling of the spatial levels can also be
seen as the spreading of the spatial levels (noted as CDD
spreaded). There is a direct correlation between the num-
ber of transmit RF chains and the diversity order of the
reference and proposed SSFBC schemes. It is observed in
Figure 4 that physical antenna spacing among horizontal
elements in the CDL-A channel model, corresponding to
number of transmitting RF chains, leads to higher
achievable diversity order. To distinguish the distance
between antenna port (RF chain) units, the horizontal
spacing is varied, while the vertical spacing is maintained
at λ=2.This suggests that channel diversity and increased

antenna spacing between various antenna ports are
related. As a performance reference, we plot normal
approximation [27] for theoretical lower bound of having
two receive antenna ports. We observe that in terms of
the total number of antenna elements/ports configura-
tion and antenna element spacing, the proposed scheme’s
trend is similar to that of the baseline reference scheme.
However, the proposed scheme exploits not only the
diversity from massive transmit ports but also the trans-
mitter side maximal ratio combining gain integrated into
the receive ML soft metric in (15). In comparison with
the baseline reference scheme, the proposed SSFBC sys-
tem achieves an SNR gain of approximately 1.3 dB given
the same number of transmit and receive antennas.

A few experimental cases are covered to observe how
angular spread and beamforming affect the diversity
order with NRF = 16. All receiver antennas in Figure 5
are restricted to two AEs. Therefore, receiving BF cannot
be used. We presume that there is no delay between the
feedback information from the receiver and the channel
variation. Precoding matrix FBB with reduced overhead
version targeting lower CN is applied. This has been set
up specifically to examine the impact of beamforming
and angular spread on the performance of BLER at the
transmitter side. The diversity order in the experimental
cases depicted in Figure 5 for the fixed ZoD/AoD/ZoA
(AoA with angular spread) case is almost identical to the
case with no beamforming and an ideal fixed bore-sight
but no angular spread. As shown in Figure 5, angular
spread causes SNR loss due to the antenna field pattern
model in a previous research [23]. Even with the use of
ZoD/AoD beamforming, further SNR loss is seen when

F I GURE 4 Comparison of transmit diversity schemes with

fixed bore-sight angle N t ¼ 64 and N r ¼ 2 in cluster delay line

(CDL)-A channel model. All schemes use quadrature phase shift

keying (QPSK) for symbol modulation

F I GURE 3 Cyclic delay diversity (CDD) transmission as a

baseline multi-radio frequency (RF) chain reference scheme

F I GURE 5 Comparison of experimental beamforming and

angular spread setting with N t ¼ 64 and N r ¼ 2 in CDL-A channel

model. All schemes use quadrature phase shift keying (QPSK) for

symbol modulation
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the additional angular spread is applied to ZoD/AoD.
The diversity order appears to be close to the ideal case,
but the results show that using numerous RF chains to
increase diversity order causes a sizable array gain loss.

Even with ZoD/AoD beamforming, additional angu-
lar spread causes SNR loss. Although the diversity order
appears to be close to the ideal case, the results show that
increasing the diversity order by utilizing many RF
chains results in a significant array gain loss. There are
four cases (i.e., NRF = 2, 4, 8, and 16) that RF chain-
to-AE beamforming groups are considered such that
NAE ¼ 32=NRF per beamforming group is maintained.
Independent phase values for θV and φH per beamforming
group (corresponds to baseband frequency regions) are
assumed, according to NRF values. The distance between
beamforming groups is set to at least d≥ 4 apart. When
the beam selection method for beamforming is used, all
beamforming groups are set to have the same identical q
weights, implying a simplified beamforming procedural
step. Despite this, due to frequency subband separation,
the proposed system can still perform independent/
simultaneous beamforming per group at the transmitter
side. We first plot the simulation result of SVD
(Equation 6) based on two transmitters and two receivers
NRF ports configuration, as a reference scheme. Before
baseband precoding, both the transmitter and receiver
sides use the analog beamforming procedure described in
Sections 2.1 and 2.4. In terms of both array gain and
diversity order, the reference SVD-based hybrid beam-
forming scheme provides the best overall performance.
In Figure 6, another baseline SFBC scheme is configured
with two RF chains for both transmitter and receiver,

and it shows a larger array gain, compared with the pro-
posed method. In contrast to the example in Figure 1, the
baseline reference SFBC scheme has no frequency
divided beamforming groups, and all antenna elements
are fully connected to each NRF RF chain. When two
beamforming groups are formed with NAE ¼ 16 (physi-
cally 16 AEs but logically 32 AEs) per RF chain, as shown
in Figure 1, array gain loss is present, but an increase in
diversity order is observed in the proposed SSFBC system.
For NRF ¼ 8 and 16, a general trend of trade-off relation
between array gain and diversity order is observed. In the
URLLC scenario, it is obvious that a good balance
between array gain and diversity order for the SSFBC sys-
tem must be found, and in the CDL-A NLoS case, the
proposed limited feedback-based SSFBC transmission
scheme with four RF chains appears to be sufficient to
achieve both array gain and higher diversity order. Fur-
thermore, it exhibits a diversity order that is similar to
the reference SVD scheme with a slight SNR shift differ-
ence. Similar to the example in Figure 2, we used multi-
point transmission with an ACPA scheme to two TRPs
that are close to the mobile station (i.e., Cell 0 and Cell
1). In this case, the y-axis angular spread is given, while
the x-axis is fixed, and the number of transmitter and
receiver RF chains is 4 and 2, respectively, because two
beamforming/frequency-allocation groups are assumed.
In the multipoint transmission scenario, it is assumed
that accurate ZoD/AoD (no CQI: β = 0) of the counter-
part cooperating base station is exchanged via mobile sta-
tion. Further analysis of proposed power allocation in
link performance reveals that not only is diversity order
maintained (when compared with a single base station
case) but additional SNR gain is also achieved due to
appropriate transmit power management based on
ZoD/AoD. As shown in Figure 6, it is compared with the
known perfect downlink CSI case. Long-term ZoD/AoD
information is found to be a suitable alternative informa-
tion for estimating downlink CSI in spatially sparse scat-
tered channels, as the link performance gap between
perfect CSI and the proposed solution appears to be nar-
row. Obtaining downlink CSI from serving and cooperat-
ing base station TRPs is estimated to have a high
overhead, whereas gathering ZoD/AoD (with/without
CQI) angle information from TRPs is a more cost
effective power allocation solution.

4 | CONCLUSION

In this paper, we proposed a URLLC system with high
reliability and low overhead that is based on limited feed-
back frequency divided partially connected hybrid group
beamforming with sparse space-frequency transmit

F I GURE 6 Comparison of radio frequency (RF) chain/

frequency grouping with angular spreads N t ¼ 64 and N r ¼ 16 in

cluster delay line (CDL)-A channel model. All schemes use

quadrature phase shift keying (QPSK) for symbol modulation
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diversity coded OFDM. The proposed sparse frequency to
spatial layer structure makes the beamforming antenna
group strictly frequency region dependent and provides
diversity for URLLC systems requiring very low BLER
level, at the cost of reduced transmit array gain. Link-
level simulations show that the proposed scheme
achieves diversity order and array gain by grouping a suf-
ficient number of frequency-separated beamforming
units and thus provides reliability in a spatially sparse
NLoS channel. When no downlink CSI is available for
TRPs’ power adjustment, the proposed low complexity
frequency-separated beamforming with ACPA performs
reasonably well in an intercell multipoint transmission
scenario. The combination of frequency-separated beam-
forming groups with a limited feedback structure of beam
selection and baseband precoding may offer a delay effi-
cient and low complexity solution for above 6 GHz
URLLC systems using hybrid beamforming.
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