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NOMA -Based Highly-Efficient Low-Latency HARQ with
Inter-Base Station Cooperation for URLLC
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SUMMARY  This paper extends our previously reported non-
orthogonal multiple access (NOMA)-based highly-efficient and low-
latency hybrid automatic repeat request (HARQ) method for ultra-reliable
low latency communications (URLLC) to the case with inter-base sta-
tion cooperation. In the proposed method, delay-sensitive URLLC pack-
ets are preferentially multiplexed with best-effort enhanced mobile broad-
band (eMBB) packets in the same channel using superposition coding to
reduce the transmission latency of the URLLC packet while alleviating the
throughput loss in eMBB. Although data transmission to the URLLC ter-
minal is conducted by multiple base stations based on inter-base station
cooperation, the proposed method allocates radio resources to URLLC ter-
minals which include scheduling (bandwidth allocation) and power allo-
cation at each base station independently to achieve the short transmis-
sion latency required for URLLC. To avoid excessive radio resource as-
signment to URLLC terminals due to independent resource assignment at
each base station, which may result in throughput degradation in eMBB
terminals, we employ an adaptive path-loss-dependent weighting approach
in the scheduling-metric calculation. This achieves appropriate radio re-
source assignment to URLLC terminals while reducing the packet error
rate (PER) and transmission delay time thanks to the inter-base station co-
operation. We show that the proposed method significantly improves the
overall performance of the system that provides simultaneous eMBB and
URLLC services.

key words: Hybrid ARQ, non-orthogonal multiple access, NOMA, Inter-
base station cooperation, scheduling, transmission rate control, URLLC,
eMBB

1. Introduction

In contrast to fourth-generation systems such as Long Term
Evolution (LTE) and LTE-Advanced [1], [2] where the
primary service offered is mobile broadband, the fifth-
generation New Radio (5G NR) system [3] and beyond [4]
are expected to support a wider range of wireless commu-
nication services (use cases) such as massive machine-type
communications (mMTC), ultra-reliable low latency com-
munications (URLLC), and enhanced mobile broadband
(eMBB). This paper focuses on the downlink cellular sys-
tem in which eMBB and URLLC coexist and investigates a
method for improving the low packet error rate (PER) and
low transmission latency characteristics of URLLC while
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suppressing the deterioration in the system throughput for
eMBB.

The hybrid automatic repeat request (HARQ) protocol
[5] using error detection coding and powerful error correc-
tion coding such as the turbo code and low density parity
check (LDPC) code efficiently achieves low PER transmis-
sion. Therefore, the effective use of HARQ is promising in
efficiently achieving a low PER for URLLC. However, in-
creased transmission latency when packet retransmission is
conducted must be addressed for URLLC. As an approach
to address this problem, members of our research group re-
ported on a low latency HARQ method that uses channel
state information (CSI) prior to channel decoding [6]-[8].
This method mitigates the increased transmission latency by
requesting early retransmission before the channel decod-
ing process is completed based on the CSI obtained prior to
channel decoding.

On the other hand, a non-orthogonal HARQ method
in which the retransmission packet and the subsequent ini-
tial packet are non-orthogonally multiplexed in the same
channel based on superposition coding is reported in [9]—
[11]. This method reduces the bandwidth loss (throughput
loss) associated with retransmission compared to that for the
conventional orthogonal HARQ that allocates an exclusive
channel (time-frequency slot) to the retransmission packet.
Furthermore, assuming URLLC, non-orthogonal HARQ re-
duces the transmission latency since retransmission does not
incur a transmission delay for the subsequent packet [10]—
[12]. We note that applying non-orthogonal HARQ using
superposition coding to the low latency HARQ method that
uses CSI prior to channel decoding is investigated in [8].

In [13], [14], members of our research group have re-
ported a highly-efficient and low-latency HARQ method
built on non-orthogonal multiple access (NOMA) for down-
link URLLC while minimizing the performance loss for
coexisting services (use cases) such as eMBB. When non-
orthogonal HARQ using superposition coding is applied to
the cellular system using NOMA with a successive inter-
ference canceller (SIC) [15] as the multiple access scheme,
retransmission packets can be non-orthogonally multiplexed
with the packets of other terminals. This enables more ef-
fective use of non-orthogonal HARQ at the system level
where the superposition coding of multiple packets is ap-
plied to the set of user terminals that have a good chan-
nel relationship in terms of the SIC process. The reported
method uses channel-aware time/frequency-domain instan-
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taneous resource allocation including scheduling that mul-
tiplexes the URLLC packet to the best-effort eMBB packet
within the same time-frequency block using superposition
coding. In scheduling, it is important to obtain multi-user di-
versity between terminals by taking into account the instan-
taneous channel conditions of all candidate user terminals in
all services. To achieve this, the proposed resource alloca-
tion metric is a throughput-based one for multiple services,
which is based on [16], with service-dependent appropriate
weighting, which is based on [16], [17], so that a low PER
and low transmission latency in URLLC can be explicitly
guaranteed. Furthermore, in order to suppress the decoding
error at the receiver caused by the error in transmission rate
control due to the outdated CSI, i.e., channel quality indica-
tor (CQI), service-dependent backoff operation in the trans-
mission rate control was introduced. With the above config-
uration, the PER and transmission delay time of URLLC are
improved while suppressing the deterioration in the system
throughput of eMBB operated at the same time.

In this paper, we propose extending the NOMA-based
highly-efficient low-latency HARQ method [13], [14] for
URLLC to the case with inter-base station cooperation.
In the proposed method, delay-sensitive URLLC packets
are preferentially multiplexed with eMBB packets in the
same channel using superposition coding to reduce the
transmission latency of the URLLC packet while alleviat-
ing the throughput loss in eMBB. Although data transmis-
sion to a URLLC terminal is conducted by multiple base
stations based on inter-base station cooperation, the pro-
posed method allocates the radio resources (bandwidth and
power) to URLLC terminals at each base station indepen-
dently to achieve the short transmission latency required for
URLLC. To avoid excessive radio resource assignment to
URLLC terminals due to independent resource assignment
at each base station, which may result in throughput degra-
dation in eMBB terminals, we employ an adaptive path-
loss-dependent weighting approach in the scheduling-metric
calculation. This reduces the PER and transmission delay
time of URLLC terminals by utilizing the effect of inter-
base station coordination, while avoiding base stations far
away from a URLLC terminal from allocating more radio
resources than necessary to that URLLC terminal. Com-
puter simulation results quantitatively show the performance
gain when using the proposed method. We note that the pro-
posed method can be operated in conjunction with the low-
latency HARQ method in [6]—[8] using CSI before channel
decoding. However, this paper assumes normal HARQ in
which the retransmission request is sent after channel de-
coding is completed to assess the basic performance of the
proposed method.

The remainder of this paper is organized as follows.
First, Sect. 2 presents the proposed method. Section 3 shows
the numerical results based on computer simulations. Fi-
nally, Sect. 4 concludes the paper.
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2. Proposed Method

In this paper, we consider the downlink cellular system
where eMBB and URLLC are operated simultaneously
within the system coverage. The set of base stations in the
system coverage is denoted as B. The set of terminals that
receive eMBB service is denoted as K.ympg. The set of ter-
minals that receive URLLC service is denoted as Kyrpic-
The set of all terminals in the system coverage is denoted
as K = Kemss U KurLLc. The set of downlink frequency
blocks that is shared by eMBB and URLLC is denoted as
F.

It is assumed that the inter-base station cooperation al-
lows for downlink data transmission to a terminal from mul-
tiple base stations. The set of base stations that transmit
downlink data to a terminal, in other words, the set of termi-
nals to which a base station transmits downlink data, is de-
termined based on the terminal association method in [18].
First, each terminal selects the base station with the high-
est received signal power as its ‘primary’ base station. In-
versely, the set of terminals having the same primary base
station is denoted as the ‘primary’ terminal set for that base
station. Term 1 (0 < i < 1) is defined as the threshold
value in terms of the instantaneous received signal power
and is used to determine which subset of base stations is
used for downlink cooperative data transmission for each
user terminal. At each scheduling interval, each base station
sets the association threshold value as 7 times the instanta-
neous channel gain of the terminal under the worst channel
conditions in its primary terminal set. The candidate user
terminals for downlink data transmission scheduling at each
base station are set to the user terminals with instantaneous
channel gain exceeding the threshold value in addition to
the primary terminal set of that base station. The set of ter-
minals that is subject to downlink data transmission at base
station b € B at time ¢ is denoted as K (7). The set of coop-
erating base stations that transmit downlink data to terminal
k € K at time ¢ is denoted as By (7). As 7 is set to be de-
creased, |K,(7)| and |B(r)| are expected to increase, which
means more extensive inter-base station cooperation.

Next, we explain the downlink data transmission
method using multiple base stations in the proposed method.
For eMBB terminals, as shown in Fig. 1(a), the information
bits to be transmitted to each terminal are distributed among
cooperating base stations and they are transmitted as inde-
pendent coded packets (codewords) from each cooperating
base station in order to maximize the inter-base station coop-
eration effect. To achieve such inter-base station cooperative
data transmission, it is necessary to distribute the payload to
be transmitted among multiple base stations in a coordinated
manner and perform scheduling accordingly.

However, the process for distributing the payload
among multiple base stations leads to an increase in trans-
mission delay time. To avoid this for delay-sensitive
URLLC, the proposed method assumes the downlink data
transmission using multiple base stations for URLLC ter-
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Fig.1 [Inter-base station cooperative data transmission method for
eMBB and URLLC.

minals as shown in Fig. 1(b). The same information bit se-
quence to be transmitted to the URLLC terminal is shared
by all the cooperating base stations. Each base station inde-
pendently performs scheduling and transmits all or part of
the encoded bit sequence (codeword) for the same informa-
tion bit sequence using the allocated bandwidth through rate
matching. This minimizes the transmission delay time asso-
ciated with inter-base station cooperation. However, the in-
dependent scheduling at each base station may cause unnec-
essary radio resource use. The proposed method mitigates
this problem by introducing an adaptive weighting factor in
the scheduling metric, as described below.

By extending the scheduling metric for the case with-
out inter-base station cooperation based on the weighted
proportional fairness [13], [14] to the case with inter-base
station cooperation, the scheduling metric of frequency
block f € ¥ at time ¢ for base station b is obtained as

Sk (Up . P 1)
|76, | Rt = 1)

oy (Up.g, P si1) =
keK (1)

ey

The scheduling metric, Ay ((le,f,fob,f; t), is a function of
allocated terminal set U, and power allocation set P f,
and the U, ; and P, y that maximize it are selected. In this
paper, power allocation $p y among non-orthogonal multi-
plexed terminals is determined for a given U, ; based on
the fixed power allocation method in [19] for the sake of
simplicity, and frequency block f is assigned to terminal set
Uy, that maximizes the metric in (1). Term |(le,f| is fixed
at 1 in orthogonal multiple access (OMA) and |’le, f| can be
greater than 1 in NOMA. Here, R () is the average through-
put of terminal k at time ¢. Term rkTif p ((L[b, 7P t) is the
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transmission rate to terminal k at frequency f for base sta-
tion b, which corresponds to the expectation of the instanta-
neous throughput (channel capacity) assuming NOMA with
a SIC for the given set of scheduled terminals, U, ;, and
that of allocated power levels, Py, ¢, for terminals in U ;.
Term i, is the service indicator of user terminal k; thus, i
= ‘eMBB’ when k € K.ugg, while iy = ‘URLLC’ when
k € KurLLc. Here, 6x(2) is a weighting factor introduced
with the intention of prioritizing frequency block allocation
to URLLC terminals. In [13], [14], weighting factor ;5 () is
determined only by the classification of URLLC and eMBB
terminals. In this case, 6y ,(¢) is represented as

0 , I =URLLC
Ses () = { URLLC> lk . )

OemBB, it = eMBB

By setting dyrpc greater than dempg, allocation to URLLC
terminals can be prioritized. Without loss of generality,
demps 18 set to 1 in this paper. In the following, this method
is referred to as the fixed § method.

However, when the fixed § method is applied to the
low-latency inter-base station cooperation method shown in
Fig. 1(b) for URLLC, there is a concern that a base station
that is a long distance from a URLLC terminal will allo-
cate an excessive amount of radio resources to that URLLC
terminal due to independent scheduling at each base station.
This deteriorates the eMBB terminal throughput. Therefore,
the proposed method appropriately controls the weighting
factor of the scheduling metric for URLLC terminals based
on the path gain between each base station and URLLC ter-
minal. This method is referred to as the adaptive ¢ method.
In the proposed adaptive 6 method, d; ;(¢) for URLLC ter-
minal k is represented as

5/{’1,(1‘) = max(w

, 5eMBB) . 3)
Gi(1)

Here, Gy ;(¢) is the path gain between URLLC terminal k
and base station b at time ¢. Assuming that B,y is defined
as the number of base stations used to calculate the aver-
age path gain between URLLC terminal k and nearby base
stations, Gx(¢) is the average of B,y path gains in increas-
ing order between URLLC terminal k£ and the surrounding
base stations. The adaptive ¢ method avoids base station b
far from URLLC terminal k allocating more radio resources
than necessary to that URLLC terminal by setting d; ;(f) to
an appropriately low value, while maintaining the effect of a
low PER and short transmission delay time for the URLLC
terminal using the inter-base station cooperation. As a re-
sult, the throughput degradation in the eMBB terminal is
reduced.

Next, we explain the transmission rate control for each
of the URLLC and eMBB terminals in the proposed method.
Assuming the application of a SIC, the maximum transmis-
sion rate that terminal k can correctly decode at frequency
block f at time 7 from base station b for given U, ¢(¢) and

Py (1), roEAt (Up.f(1), P 4(1):1), is represented as [13]-

[15], [19]
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PO (U (1), Py p(1):1) =

t 3
Wiog, |1+ Gib,fOPip. st ket
G fOPpjbrt) + 1 :
JEUp, (1), grb, £ ()<g . (1)
0, k¢ Uy ¢ (1)
4)

Here, W is the bandwidth of the frequency block, g ¢(?) is
the instantaneous channel gain of terminal k normalized by
the noise power including the inter-cell interference power
at frequency block f from base station b at time ¢, and
Dip,s(1) is the assigned transmission power.

However, the actual transmission rate, r)» ; ((le,_f(t),

P r(1); t), is determined based on the CQI report, gy p, (1),
which contains error due to measurement accuracy and CQI
reporting delay time in a time-varying channel. Considering
the initial transmission case, the instantaneous throughput
of terminal k at time ¢ is degraded due to the CQI error as
follows.

In this paper, we assume that the coded bit sequence
(codeword) for a given information bit sequence is trans-
mitted across multiple allocated frequency blocks, as in 4G
LTE/LTE-Advanced [1], [2], and 5G NR [3]. In this case,
the maximum decodable rate is determined by the sum of
Shannon’s channel capacity, i.e., the maximum obtainable
mutual information for a given channel, among all the allo-
cated frequency blocks [20], [21]. First, we consider the
eMBB terminal. For eMBB terminals, each base station
transmits an independent codeword (coded data packet) as
shown in Fig.1(a). Therefore, instantaneous throughput
rip(f) of terminal k obtained from base station b at time ¢
is represented as

rep(t) =

Z Tens ((Hb,f(t)7 P £ (1); f)

€F
2,0, 0P 5 oo (0, 0., )

feF
0, Otherwise
)

Thus, if the sum of the transmission rate, r{ﬁf (‘le, ROR
P, s (D) t), among all frequency blocks is greater than that
of the correctly-decodable maximum rate, rlICDbEJfL ((L{b,f(t),

P r(1); t), terminal k fails to decode the received packet and
the throughput becomes zero. Term ry (%) is the sum of ry ,(¢)
for all cooperating base stations.

Next, we consider URLLC terminals. In this paper, we
assume that fixed RyrpLc bits are transmitted to the URLLC
terminal with a time interval of Tyrirc. The RyriLc value
is relatively small, and all Rygrryc bits are channel coded to
generate codeword Cygrrrc. Based on Fig. 1(b), each base
station performs independent scheduling and rate match-
ing operations on the same Cygrrrc. The rate matching
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is actualized using puncturing or repetition of coded bits
along with the appropriate choice for the modulation level,
in 4G LTE/LTE-Advanced [1], [2], and 5G NR [3]. So,
each base station transmits the independently-rate-matched
CurLLc using the allocated frequency blocks. Therefore,
the maximum decodable rate is determined by the sum
of the channel capacity among all the allocated frequency
blocks of all the cooperating base stations. On the other
hand, since codeword CygpLc conveys Ryrprc information
bits, the maximum decodable rate needs to be higher than
Rurirc/T, where T, is the scheduling period that equals the
packet length. Therefore, a URLLC packet with Rygy ¢ bits
at time ¢ is correctly decoded when the following condition
is satisfied.

Ruriic/Ty < ) > s o (U (0, P (0); 1)

beBy (1) feF

Z Z ”zlc[;;E?L Uy, (1), P p(1); t).

beB (1) feF

Here, r(?) is RyrrLc/Tp if the URLLC packet is correctly
decoded, otherwise it is 0.

According to the above discussion, we consider reduc-
ing the probability of the decoding error by reducing the
transmission rate in advance. Here, the effects of decod-
ing errors can differ between eMBB, where decoding error
is mainly observed as throughput loss, and URLLC, where
decoding error severely affects the transmission delay time
and PER. Therefore, in the proposed method, the transmis-
sion rate, r,?bf P (‘LI;,, £+ Ph.ss t), is defined as

rn s (Unps P sit) =

@, Gk b, (O Pip £ (1)

Wlog, |1+ . ke Uy p(0)
Z Grp,f(OPjp () + 1 ‘
JEUp, £(1).G1b,£ ()<G . (1)
0, k¢ Uy z(t)
@)

By multiplying the predicted value of the signal-to-noise
plus interference ratio (SINR) after SIC processing based on
CQI gi.p,r(?) by a service-specific constant, ¢empp O @URLLC
where 0 < aempB, @urLLc < 1, the transmission rate is in-
tentionally reduced. As a result, the occurrence of packet de-
coding errors due to CQI error caused by, e.g., the time fluc-
tuation in the channel can be suppressed. So, the increase
in the transmission delay time due to retransmission occur-
rence can also be reduced. The proposed method assumes
that ayrpc is set lower than a.\vpg. This suppresses the
occurrence of URLLC packet decoding errors during initial
transmission, and aims to achieve both a low PER and low
transmission latency at a high level. In the proposed method,
URLLC-prioritized resource allocation is performed using
NOMA, and eMBB packets can be multiplexed within the
same channel by superposition coding. Therefore, the ad-
verse effects on the bandwidth allocation to eMBB due to
such a safe-side transmission rate control in URLLC can be
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alleviated. The use of small @yrrrc may also indirectly con-
tribute to alleviating unnecessary radio resource allocation
at far away base stations in inter-base station cooperation
using independent scheduling at each base station shown in
Fig. 1(b).

The operation at retransmission in the proposed
method is described below. Suppose that a decoding error
occurs in the initial transmission packet from base station b
at time 7o of a certain terminal k. Packet retransmission is
performed at t > t;, as a result of the resource allocation
process for a retransmitted packet for terminal k based on
the metric in (1). The resource allocation process for the re-
transmitted packet is basically the same as that for the initial
packet. However, the transmission rate at retransmission is
kept the same as the initial transmission rate. At the terminal
receiver, the packet combining based on incremental redun-
dancy is performed. As a result, the decodable transmis-
sion rate becomes a sum of r,‘(’i‘iﬁL ((le,f(t), P, £(1); t) for the
initial transmission and each retransmission. For URLLC
terminals, when TyrpLc elapses after the occurrence of the
RurLLc-bit payload, that payload is discarded and the trans-
mission of the next Ryryc-bit payload starts.

3. Numerical Results

The system-level performance of the proposed method is
evaluated based on computer simulations. Table 1 gives the
major simulation parameters. We assume a 36-MHz system
bandwidth with 50 frequency blocks (|| = 50) with band-
width W of 720 kHz. Universal frequency reuse is assumed
among cells. We assume a heterogeneous networks [22] in
which low-transmission-power pico base stations are over-
laid onto the coverage area of a high-transmission-power
macro base station. We assume that there are eMBB and
URLLC terminals that are multiplexed within the system
bandwidth. The macro and pico base stations, and termi-

Table 1  Simulation parameters.
System bandwidth 36 MHz
Number of frequency blocks 50
Coexisting services (use cases) eMBB and URLLC
Macro base station 1/km?
. Pico base station 4/ km?
Node density eMBB terminal 40 / km®
URLLC terminal 20 / km?
Transmission | Macro base station 46 dBm
power Pico base station 30 dBm

Distance-dependent path loss

+ 5 10(r), 7 ki S
(including antenna gain) 114.1+37.6logo(r), r: kilometers

Lognormal with standard deviation of 8 dB

Shadowing and inter-site correlation of 0.5

Six-path Rayleigh,

Instantancous fading rms delay spread = | ps and f, = 5.55 Hz

Receiver noise power density —165 dBm/Hz
Traffic model ‘ eMBB terminal Full buffer
| URLLC terminal Turiic = 10 ms, Rureic = 1,000 bits
Scheduling interval 0.25 ms
Minimum interval of retransmission 1 ms
in HARQ
Delay in CQI report 10 ms

Maximum number of non-

orthogonally multiplexed terminals 2 per frequency block
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nals of each service are placed in random locations within
a wrap-around 2 X 2-square kilometer system coverage area
based on the Poisson point process (PPP). The node den-
sities for the macro and pico base stations, and terminals
receiving eMBB and URLLC are set to 1, 4, 40, and 20
per square kilometer, respectively. The transmission power
level of macro and pico base stations is 46 and 30 dBm, re-
spectively. As the propagation model, distance dependent
path loss with the decay factor of 3.76 assuming the carrier
frequency of 2 GHz [23]; lognormally distributed random
shadowing with the standard deviation of 8§ dB and inter-
site correlation of 0.5; and 6-path Rayleigh fading with the
maximum Doppler frequency of 5.55Hz and the rms de-
lay spread of 1 us are assumed. The receiver noise power
density of the terminal including a noise figure is set to
—165 dBm/Hz.

The resource allocation (scheduling and power allo-
cation) interval, which equals the packet length, is set to
0.25ms. The maximum number of non-orthogonally mul-
tiplexed terminals per frequency block is set to two in the
proposed method, which should be sufficient to obtain the
most from the potential gain of NOMA based on [15] and
[19]. We note that the proposed method includes OMA in
addition to NOMA, since if |T(?)| is set to one based on
the evaluation results of the proposed scheduling metric in
(1), this means that frequency block f is operated by OMA
at time . When NOMA is applied, the fixed power alloca-
tion method [19] is used and 80% of the transmission power
is allocated to terminals experiencing poor channel condi-
tions. The remaining 20% of the power is allocated to termi-
nals experiencing good channel conditions. The minimum
retransmission interval is 1 ms [3]. The reporting delay of
CQI, which is used for transmission rate control, is set to
10 ms.

The traffic model of the eMBB terminal is a full buffer,
and the 100-ms average terminal throughput is measured.
The system throughput defined by the geometric mean ter-
minal throughput, which corresponds to the proportional
fair criterion, is used as the main performance measure of
eMBB. On the other hand, we assume that fixed Rygiic =
1,000 information bits are generated every Tyric = 10ms
to respective URLLC terminals. The information bits that
have not been transmitted correctly are discarded 10 ms af-
ter the occurrence. The main performance measures for
URLLC are the transmission delay time for the correct de-
coding of a 1,000-bit URLLC payload, and the outage prob-
ability of the correct decoding of the 1,000-bit URLLC pay-
load during the required transmission delay time of 1 ms.
Parameters dqvmpp and @eympp in the proposed method are
fixed at 1.0 and 0.7, respectively. The dy ;(¢) of the URLLC
terminal are evaluated by comparing the fixed ¢ method
using (2) with éyrLLc = 30 and the proposed adaptive 6
method with B,y, = 10. Term ayrrLc is parameterized. Pa-
rameter 77, which determines the range of cooperation be-
tween base stations, is set to 0.1. For comparison to the
proposed method, we also evaluate the conventional method
without inter-base station cooperation and the case where
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Fig.2  System throughput for eMBB as a function of ayrrLC.

only OMA is used in the proposed method with the inter-
base station cooperation.

Figure 2 shows the system throughput for eMBB as
a function of ayrrc. Inter-base station cooperation is as-
sumed and the fixed and adaptive § methods for the NOMA
and OMA cases, respectively, are tested. Overall, the sys-
tem throughput for eMBB is increased when using NOMA
compared to OMA. This is because the effect of NOMA,
which multiplexes multiple terminals within the same band-
width, is effective in increasing the system throughput, de-
fined as the geometric mean terminal throughput, which re-
quires fairness among eMBB terminals, while achieving pri-
oritized radio resource allocation to URLLC terminals. Re-
ducing ayryLc is effective in increasing the correct decoding
probability for URLLC data. However, it leads to increased
radio resource allocation to URLLC terminals, which de-
grades the system throughput for eMBB. This is because
reducing the transmission rate means using a combination
of a lower coding rate and lower-order modulation (the use
of QPSK instead of 16QAM for example) in an actual sys-
tem, which increases the number of complex symbols re-
quired to transmit a given information bit sequence. The
degradation in the eMBB system throughput due to the re-
duction of aygryc is significant for the fixed 6 method. On
the other hand, the proposed adaptive 6 method alleviates
the degradation in the eMBB system throughput when re-
ducing ayrprc. This is because the fixed § method results
in inefficient use of radio resources, especially at base sta-
tions far away from the destination URLLC terminal, since
all cooperating base stations equally perform preferential
scheduling for the URLLC terminal. On the other hand, the
adaptive ¢ method controls weight ¢ of the scheduling met-
ric that prioritizes URLLC terminals according to the path
gain with each base station appropriately and this avoids the
excessive allocation of radio resources at base stations ex-
periencing poor channel conditions with the target URLLC
terminal. As a result, the adaptive 6 method suppresses the
reduction in bandwidth allocated to eMBB terminals at the
system level.
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Figure 3 shows the average delay time for URLLC as
a function of ayrrrc. The transmission delay time is de-
fined as the time required to complete correct decoding for
all 1,000-bit URLLC payloads during each 10-ms time in-
terval. The average transmission delay time is calculated
for the case where 1,000 information bits could be trans-
mitted correctly within 10 ms. In this figure, NOMA is as-
sumed and we evaluate the cases with and without inter-
base station cooperation for both using the fixed or adap-
tive 0 methods. The increase in the transmission delay time
when using an ayrrrc value greater than 0.2 is due to fre-
quent packet retransmissions. This is a result of excessive
transmission rate settings due to CQI errors. The inter-base
station cooperation significantly reduces the average trans-
mission delay time for URLLC especially when using a low
ayrrLc value. The increase in the transmission delay time
for URLLC when inter-base station cooperation is not ap-
plied is mainly due to the insufficient system bandwidth to
convey the 1,000-bit URLLC payloads to the URLLC ter-
minal under very poor channel conditions. The maximum
amount of radio resources allocated per URLLC terminal
can be increased using inter-base station cooperation, and
this reduces the transmission delay time for URLLC ter-
minals located in such poor environments. With inter-base
station cooperation, the adaptive ¢ method avoids the ex-
cessive allocation of radio resources at base stations experi-
encing poor channel conditions with the target URLLC ter-
minal, compared to that for the fixed § method. However,
this reduced radio resource allocation to URLLC terminals
in the adaptive 6 method does not significantly degrade the
average transmission delay time for URLLC as shown in
Fig.3. This is because the adaptive 6 method reduces the
unnecessary radio resource allocation to URLLC terminals
by appropriately controlling weight ¢ of the scheduling met-
ric that prioritizes URLLC terminals according to the path
gain with each base station. As a result of reduced radio
resource allocation to URLLC terminals while maintaining
approximately the same average transmission delay time for
URLLC, the proposed adaptive 6 method increases the sys-
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tem throughput for eMBB as already shown in Fig. 2. Based
on Fig. 3, in the following evaluations, aygrpc is set to 0.2
and 0.3 for the cases with and without inter-base station co-
operation, respectively.

Figure 4 shows the cumulative distribution of the aver-
age throughput for eMBB terminals. The purpose of this
evaluation is to clarify fully how the throughput of indi-
vidual terminals experiencing different channel conditions
changes in the proposed method compared to that in the con-
ventional method, which cannot be fully understood from
only the system throughput shown in Fig. 2. From Fig. 4, the
proposed NOMA with inter-base station cooperation using
the adaptive 6 method achieves the highest average through-
put of eMBB terminals over almost the entire cumulative
probability range compared to that for the fixed § method,
OMA, and the case without inter-base station cooperation.
The improvement in performance from the case without
inter-base station cooperation is especially significant in the
low cumulative probability region. This indicates that the
proposed inter-base station cooperation method is especially
effective in improving the fairness of throughput among ter-
minals.

Figure 5 shows the outage probability that a 1,000-bit
URLLC payload transmission cannot be completed within
the required transmission delay time of 1 ms. The pro-
posed method significantly reduces the outage probability
compared to the case without inter-base station cooperation,
and achieves an outage probability of approximately 1073,
which is almost equivalent to that for the fixed ¢ method.
Meanwhile, the proposed method with adaptive § achieves
a much higher eMBB system throughput compared to the
case with the fixed 6 method as shown in Fig. 2. We note that
the outage probability levels are approximately the same be-
tween the proposed NOMA and OMA in the case with inter-
base station cooperation. The first reason for this is that
we set the proposed parameters in NOMA such as § and
ayrrLc SO that the transmission delay time for URLLC is
reduced as much as possible. In principle, the transmission
performance of URLLC can be degraded with NOMA com-
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pared to OMA due to the inter-terminal interference with
non-orthogonal terminal multiplexing. However, this im-
pact is considered small due to the following reason. The
outage probability for the transmission delay time of 1 ms
for URLLC is determined by the user terminals experienc-
ing poor channel conditions. Such user terminals are allo-
cated high transmission power in NOMA, while the inter-
ference from non-orthogonally multiplexed packets of user
terminals near the base station cannot be removed by the
SIC (this is because the decoding order of the SIC is based
on the order of user terminals experiencing poor channel
conditions). However, for user terminals experiencing very
poor channel conditions, the received signal power from the
set of serving base stations is low, while the inter-cell in-
terference power is very high, so the impact of interference
power from the serving base stations due to non-orthogonal
packet multiplexing in NOMA is very low. Based on the
reasons above, the outage probability for the transmission
delay time of 1 ms for URLLC when the proposed NOMA
is used is almost the same as that for OMA.

4. Conclusion

In this paper, we extended our previously reported highly-
efficient and low-latency HARQ method, which non-
orthogonally multiplexes the initial and retransmission
packets of URLLC terminals to packets of eMBB terminals
based on the downlink NOMA, to inter-base station coop-
eration systems. Although data transmission to URLLC ter-
minals is conducted by multiple base stations based on inter-
base station cooperation, the proposed method allocates the
radio resources to URLLC terminals at each base station
independently to achieve the short transmission latency re-
quired for URLLC. To avoid excessive radio resource as-
signment to URLLC terminals due to independent resource
assignment at a base station that is far from the destina-
tion URLLC terminal, we employ the adaptive path-loss-
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dependent weighting approach in calculating the schedul-
ing metric. This achieves appropriate radio resource as-
signment to URLLC terminals while reducing the PER and
transmission delay time thanks to the inter-base station co-
operation. The reduced resource usage to the URLLC termi-
nals results in improvement in the throughput for eMBB ter-
minals. Computer simulations revealed quantitatively that
the outage probability of a 1-ms transmission delay time for
URLLC is small enough for the proposed method, while in-
creasing the system throughput for eMBB compared to the
case with fixed weight coefficients and to the case without
using inter-base station cooperation.
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