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Abstract—To meet the high demand for mobile data, the
Third Generation Partnership Project (3GPP) established a set
of standards known as 5G New Radio (5G NR). The architecture
of 5G NR includes a flexible radio access network and a core
network. 3GPP has also been working on a new radio access
technology, called 5G NR Unlicensed (5G NR-U), which aims at
extending 5G NR to unlicensed bands. In this paper, we give
an overview of the most recent SG NR-U design elements and
discuss potential concerns, including fair coexistence with other
unlicensed technologies such as Wi-Fi. We use simulations to
study coexistence between Wi-Fi and 5G NR-U systems. Our
evaluation indicates that NR-U often achieves higher through-
put and lower delay than Wi-Fi (802.11ac). The two systems
experience different buffer occupancies and spectrum utilization
statistics. We also discuss the improvements that NR-U offers
over LTE Licensed Assisted Access (LTE-LAA).

I. INTRODUCTION

Next-generation wireless networks will support applica-
tions with widely diverse performance requirements. In its
International Mobile Communications (IMT)-2020 recommen-
dations, the International Telecommunications Union (ITU)
specifies three use cases for next-generation wireless networks:
Enhanced mobile broadband (eMBB), ultra-reliable and low
latency communication (URLLC), and massive machine-type
communication (mMTC). While these use cases embody dif-
ferent performance requirements, they all share the need for
more spectrum. In its effort to extend 5G cellular opera-
tion to unlicensed spectrum, 3GPP is initially targeting the
Unlicensed National Information Infrastructure (UNII) bands
at 5 GHz and 6 GHz. Future specifications will address
unlicensed millimeter wave (mmWave) bands at 60 GHz.
Wireless systems can operate over unlicensed bands as long
as they comply with spectrum regulations, which are intended
to ensure harmonious coexistence of various incumbents that
operate on the same band. The ubiquity of Wi-Fi networks
makes achieving harmonious 5G NR-U and Wi-Fi coexistence
a key objective for NR-U designers. To ensure fairness in
channel access, NR-U should not impact an existing Wi-Fi
system more than the impact of another Wi-Fi system [1].

Early works surveying 5G NR-U can be found in [2]-
[5]. These works focused on pre-standard NR-U operation
at sub-6 GHz and/or mmWave frequencies and discussed
the feasibility of utilizing the channel access procedures of
‘further enhanced’ LTE LAA (feLAA) in 5G networks. The
effectiveness of unlicensed bands for IoT applications was
investigated in [6], where the authors studied challenges

associated with extending 5G services to unlicensed bands.
Recently, 3GPP added more details and features to the NR-U
specifications, including new deployment scenarios as well as
other enhancements, such as interlace waveform design, multi-
channel operation, frequency reuse, and initial access [7].
Another work that focused on studying Physical-layer aspects
of NR-U can be found in [8]. The authors in [5] investigated
the adaptation of the contention window for NR-U. Analysis
and evaluation of latency and reliability in 5G NR-U were
discussed in [9], where the authors suggested modifications
to improve both metrics. Evaluation of different aspects of
coexistence between NR-U and IEEE 802.11ad-based Wi-
Fi at mmWave frequencies, including fairness and setting of
detection thresholds, was provided in [10]. Machine learning
techniques to mitigate interference between NR-U operators
and improve spatial reuse in NR-U/Wi-Fi coexistence were
presented in [11] [12]. Authors in [13] analyzed NR-U/Wi-Fi
coexistence analytically and concluded that novel mechanisms
are still needed to improve the fairness over unlicensed bands.

In this paper, we provide an overview of the most recent
NR-U specifications and discuss various deployment options.
We present one possible radio stack architecture for embed-
ding 5G NR-U capabilities in future NR designs. We also
investigate the challenges associated with NR-U PHY, MAC,
and upper layers so as to achieve harmonious NR-U/Wi-Fi
coexistence over the unlicensed 5 GHz and 6 GHz bands.
Simulation-based evaluation of User Perceived Throughput
(UPT), latency, buffer occupancy, and spectrum utilization are
provided for this scenario in both bands. The rest of the paper
is organized as follows. In Section II, we provide an overview
of cross-technology coexistence over unlicensed spectrum. In
Section III, we introduce the NR-U design. In Section IV, we
discuss key challenges affecting the harmonious coexistence
between NR-U and Wi-Fi networks. We present our evaluation
for NR-U/Wi-Fi coexistence in Section V and conclude in
Section VI.

II. COEXISTENCE OF HETEROGENEOUS TECHNOLOGIES
OVER UNLICENSED BANDS

A. 5G NR-U Frequency Bands

As shown in Figure 1, two frequency ranges are targeted
for NR-U operation: Low-frequency bands below 7 GHz
and a high-frequency band at 60 GHz. Specifically, about 2
GHz of unlicensed spectrum is available for omni-directional
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Fig. 1. Unlicensed/shared spectrum bands for NR-U operation (unlicensed
operation over UNII-2B and UNII-4 bands is restricted).

communications below 7 GHz over the Industrial Scientific
Medical (ISM) band at 2.4 GHz, the Citizens Broadband Radio
Service (CBRS) band at 3.5 GHz, and the UNII bands at 5
GHz and 6 GHz frequencies [14]. There is also 14 GHz of
unlicensed spectrum available at the 60 GHz band that can be
used for directional communications [15].

FCC has just recently announced its proposed rule mak-
ing to open up bands from 5.925 GHz to 7.125 GHz for
unlicensed access under part 15 rules [14]. Different UNII
bands have different restrictions on the maximum transmit
power, effective isotropic radiated power (EIRP), applicability
for indoor/outdoor operation, and the requirement for dynamic
frequency selection (DFS). Unlicensed users are required to
perform DFS to avoid interference with radars and other
licensed services operating in UNII bands. Under DFS, an
unlicensed device has to interrupt its transmission minutes
and perform periodic sensing of radar signals. When a radar
signal is detected, transmission should be stopped within 10
seconds and channel should be abandoned for 30 minutes.
Detection methods of radar signals are not specified and left
for implementation. The 5 GHz band is divided into non-
overlapping channels of 20 MHz bandwidth. Wider channels
(e.g., 40, 80, and 160 MHz) can be constructed via channel
bonding. NR-U systems are allowed to coexist with IEEE
802.11n/ac/ax-based as well as LTE-LAA services over these
channels. As for the 6 GHz band, much of it is currently
occupied by some licensed services, including point-to-point
microwave links, fixed satellite systems, and mobile services,
such as the broadcast auxiliary service and the cable TV
relay service. To protect these licensed services, unlicensed
users are also required also to perform automatic frequency
coordination (AFC), where protection zones are established
around the incumbent services and unlicensed users are not
allowed to access bands in these protection zones. Unlicensed
users are also required to control their transmit power and
restrict their transmission to indoor whenever AFC fails [14].
In the 6 GHz band, NR-U is expected to coexist with IEEE
802.11ax/be-based systems (Wi-Fi 6/Wi-Fi 7). The new FCC
rules allow unlicensed operation over most of the UNII bands
in the 5.925 - 7.125 GHz range. To protect incumbent ser-
vices, the FCC restricts the transmit power of outdoor base
stations to 23 dBm/MHz in addition to still performing AFC.
The EIRP over 320 MHz channel bandwidth (the maximum
channel bandwidth) should not exceed 36 dBm. Outdoor user
equipments (UEs) can transmit up to 17 dBm/MHz but subject

TABLE I
EDCA CHANNEL ACCESS PARAMETERS FOR DIFFERENT ACS [19]

l AC Ai [ di/TAIFS [ Cwmin [ CWmax [ Max TXOP Ti l
AC_VO 2/ 34 psec | 4 8 2.08 msec
AC_VI 2/ 34 pusec | 8 16 4.096 msec
AC_BE 3/ 43 psec | 16 1024 —*

AC_BK 7/ 79 psec | 16 1024 -
Legacy DCF | 2/ 34 psec | 16 1024 -

*«For fair comparison, we set TXOP for AC_BE to 8 milliseconds
in our simulations.

to 30 dBm EIRP limit on 320 MHz channel bandwidth.
Outdoor operation is limited to UNII-5 (5.925-6.425 GHz)
and UNII-7 (6.525-6.875 GHz) bands. Indoor operation can
take place over all UNII bands, i.e., UNII-5/-6/-7/-8, and AFC
is not required. However, indoor base stations are limited to 5
dBm/MHz and they are subject to maximum of 30 dBm EIRP
limit on 320 MHz channel bandwidth. Indoor UEs can transmit
at —1 dBm/MHz without exceeding the 24 dBm EIRP limit
over 320 MHz channel bandwidth [16]. 3GPP has recently
kicked off the study of licensed and unlicensed NR operation
over 6 GHz bands [17]. Authors in [18] discussed some
challenges associated with wireless operation over unlicensed
6 GHz bands.

B. Operation of Incumbent Systems

NR-U-based systems will primarily share the unlicensed
UNII bands below 7 GHz with LTE-LAA-based and with
IEEE 802.11-based systems. To operate over the UNII bands,
these systems rely on different channel access procedures,
all of which require sensing the channel before transmission.
This mechanism is called Listen-Before-Talk (LBT), a flavor
of Carrier Sense Multiple Access with Collision Avoidance
(CSMA/CA). In CSMA/CA with exponential backoff, a device
backs off for k£ idle slots. A channel is deemed to be idle
if it remains so for an Arbitration Inter-frame Space (AIFS)
duration (Tarrs), a.k.a., defer time (Iy). To reduce the possi-
bility of a collision, devices need to back off for different %
values. Accordingly, k is sampled randomly from the range
{0,--- ,W; — 1}, where W; = min{2/CWynin, CWynax }-
CW in 1s the minimum contention window, CW,,., is the
maximum contention window, and j is the index of the
retransmission attempt. If the transmission fails, the device
doubles its contention window size. The values of CW i,
CWiax, and AIFS impact the channel access delay and col-
lision rate of coexisting devices. After contending for k idle
slots, a device can use the channel for a time period known
as channel occupancy time (COT), which is referred to as
transmit opportunity (TXOP) period in IEEE 802.11-based
systems. Coexisting technologies differ in their CSMA/CA
parameters as well as on how they leverage their airtime. They
also differ in their reaction to failed/collided transmissions, as
discussed next.

1) IEEE 802.11-based Systems: 1EEE 802.11-based sys-
tems (i.e., Wi-Fi) use the Enhanced Distributed Channel Ac-
cess (EDCA) scheme to coordinate channel access among Wi-
Fi devices. EDCA is based on CSMA/CA with exponential
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TABLE 11
CAT4-LBT CHANNEL ACCESS PARAMETERS FOR DIFFERENT PCSs [20]

l PC P1 [ di/Tdf [ CWmm [ CWmaX [ Max. COT Ti l
P 1,2/ 25, 34 usec | 4 8 2 msec
Py 1,2/ 25, 34 psec | 8 16 3 or 4 msec
P3 3/ 43 usec 16 64 6, 8, 10 msec
Py 7/ 79 usec 16 1024 6, 8, 10 msec

backoff. It supports four access categories (ACs) for voice,
video, best effort, and background traffic. Each AC is asso-
ciated with a set of contention parameters, shown in Table I.
During a TXOP, multiple MAC Service/Packet Data Units can
be aggregated and acknowledged via a single Block ACK (BA)
frame, as shown in Figure 2(a). The transmitter sends a block
ACK request (BAR) frame, which triggers the receiver to reply
back with a BA frame. Two BA policies can be configured:
Immediate BA and delayed BA. Under the immediate BA
policy, the receiver should send a BA frame right after the end
of the TXOP, while in the delayed BA policy, the receiver can
postpone sending the BA and can acknowledge multiple TX-
OPs using a single delayed BA frame. The delayed BA policy
is added to support delay-tolerant applications and reduce their
control overhead. Under this policy, the transmitter should
have enough buffering capabilities to account for outstanding
frames that are not acknowledged. The IEEE 802.11 standards
also support channel bonding and aggregation, as well as
single-user MIMO and downlink multi-user MIMO (MU-
MIMO) communications. The IEEE 802.11ax amendment
adds more features to improve frequency reuse and support
higher network efficiency. For example, the TXOP can be split
between uplink (UL) and downlink (DL), as shown in Figure
2(b). Similarly, in the frequency domain, the channel can be
divided into several resource units (RUs), enabling Orthogonal
Frequency Division Multiple Access (OFDMA). An RU is
basically a set of contiguous subcarriers. It is also possible to
poll STAs to start UL transmission by sending them a special
trigger frame. Some uplink RUs can be dedicated for allowing
random access (RA) by stations, a.k.a., OFDMA BackOff
(OBO) procedure. Additional details of IEEE 802.11ax op-
eration can be found in [21]. A study group of the extremely
high throughput Wi-Fi, a.k.a., IEEE 802.11be and Wi-Fi7, has
been working on further boosting the performance offered by
IEEE 802.11ax systems by incorporating new features and

enhancements, including full-duplex communications [22],
multi-channel/multi-band operation, support for wider channel
and MIMO communications with larger number of antennas,
support of higher modulation schemes, coordination between
access points, multi-RU operation, enhancements to link adap-
tation and retransmission, preamble puncturing, etc [23]-[25].

2) LTE-LAA-/NR-U-based Systems: To facilitate 5G NR-U
(also LTE-LAA) operation over unlicensed bands, four LBT
Categories (CATs) have been defined:

e CATI-LBT (Type 2C): A gNB can access the channel
immediately without performing LBT. The COT can be
up to 584 microseconds.

o CAT2-LBT (Type 2A and 2B): An NR-U device must
sense the channel for a fixed time duration, Tfyeq. If the
channel remains idle during this period, the device can
access the channel. In Type 2A, Tixeq 1S 25 microseconds,
while in Type 2B, it is 16 microseconds.

o CAT3-LBT: An NR-U device must back off for a random
period of time before accessing the channel. This random
period is sampled from a fixed-size contention window.
The option of CAT3-LBT has been excluded from the
specifications.

e CAT4-LBT (Type 1): An NR-U device must back off
according to the CSMA/CA procedure with exponential
backoff.

CAT4-LBT is already adopted by LTE-LAA and is also
considered as the baseline NR-U operation for shared spectrum
access or Load Based Equipment (LBE). Contention window
adjustment of LAA has been adopted as the baseline for NR-
U. Feedbacks of acknowledgement for a reference subframe
(usually the first subframe in a COT) are monitored to decide
on doubling the contention window size. If the number of
NACK exceeds a threshold (usually 80%), the contention
window size is doubled (more details can be found in [26]).
Multiple priority classes (PCs) are available for different traffic
types, similar to EDCA (see Table II). In 3GPP PCs are also
referred to as channel access priority classes (CAPCs). Defer
time, Tyr, of DL is set smaller than UL to give DL higher pri-
ority to access channel than UL. The interplay between traffic
classes and their effective throughput and average contention
delay have been investigated in [27] [28]. Authors in [29]
also conducted real measurements to evaluate the performance
of LAA PCs under different traffic profiles in Chicago area.
During a COT, multiple DL and UL occasions can be initiated



in which UEs are assigned to different resources that are
distributed in time, frequency, and spatial domains.

CAT2-LBT is used for semi-static channel access, a.k.a.,
Frame Based Equipment (FBE), or to send critical frames,
such as discovery frames, or to access channel when it is
not shared by others. In these cases, Thxq can be as small
as 9 microseconds. FBE operation mandates a duty cycle of
1/20 and the channel should not be accessed for a while after
the end of COT (at least 5 percent of the COT duration).
CAT2-LBT is also required if the time to switch between DL
and UL exceeds a certain limit, i.e., 16 microseconds. LTE-
LAA and NR-U differ in their timing resolution, number of
possible UL and DL occasions during a COT, as well as their
Hybrid Automatic Repeat reQuest (HARQ) designs. In LTE-
LAA, the eNB (the designation of base station in LTE) initiates
a COT by contending according to CAT4-LBT, as shown
in Figure 2(c). feLAA enhances the baseline LAA design
by adding additional features, such as support of switching
between DL and UL within the same COT and support of
autonomous uplink. In NR-U, its is possible to have multiple
switching occasions between DL and UL (and vice versa)
for gNB-initiated COT. For UE-initiated COT, switching is
allowed only from UL to DL, and the DL is used to send
control signaling. Once the eNB/gNB reserves the channel,
it sends a downlink frame that consists of a sequence of
Physical Downlink Control Channels (PDCCHs) and Physical
Downlink Shared Channels (PDSCHs). The PDCCH includes
the control information needed by UEs to decode their data
messages in the PDSCH. In the uplink part of the COT, UEs
can send their control and data messages as part of the Physical
Uplink Control Channel (PUCCH) and Physical Uplink Shared
Channel (PUSCH), respectively. UEs can also send a sounding
reference symbol (SRS), which can be used for uplink channel
quality estimation for a wider bandwidth.

III. NR-U DESIGN PRINCIPLES
A. Deployment Options

Dual connectivity (DC) and carrier aggregation (CA) are
the two modes of connectivity that can be used to support UE
operation over unlicensed spectrum. In the DC mode, a UE
can exchange data with multiple gNBs/eNBs simultaneously,
where one gNB/eNB is considered the primary and the others
as secondary ones. Both primary and secondary gNBs/eNBs
connect directly with the core network. 3GPP defines bands
of operation in which multiple carriers can be initiated. Under
the CA mode, a UE exchanges data with a single gNB/eNB
through two or more contiguous or non-contiguous component
carriers that could be intra-band or inter-band. For intra-band
CA, both primary and secondary carriers are located within
the same band, while in the inter-band CA, they can be on
different bands. The CA mode enhances the throughput while
the DC mode enhances both throughput and reliability, but
comes with the complexity of associating a UE with multiple
cells. In the DC mode, the failure of the master link does not
impact secondary links. Depending on whether DC and/or CA
is used to connect with UEs over unlicensed carriers, 3GPP
offers flexible NR-U deployment options as explained next
(see Figure 3):

e Scenario A (NR/NR-U LAA): CA mode consisting of a
licensed carrier served by a 5G NR cell and an unlicensed
carrier served by a 5G NR-U cell.

e Scenario B (LTE/NR-U DC): DC mode consisting of a
licensed carrier served by an LTE cell and an unlicensed
carrier served by a 5G NR-U cell.

e Scenario C (NR-U Standalone): Standalone mode consist-
ing of unlicensed carrier(s) served by a 5G NR-U cell.
This scenario is useful for operating private networks.

e Scenario D (NR/NR-U UL/DL): Combination of a li-
censed carrier served by a 5G NR cell for UL communi-
cation with an unlicensed carrier served by a 5G NR-U
cell for DL communication.

e Scenario E (NR/NR-U DC): DC mode consisting of a
licensed carrier served by a 5G NR cell and an unlicensed
carrier served by a 5G NR-U cell.

B. Radio Stack

To ensure low cost and complexity, as well as easy in-
tegration and convergence between NR and NR-U services,
the radio stack architecture of NR-U is built upon the NR
radio stack, with limited modifications. In this paper, we
consider a potential radio stack architecture for a NR/NR-
U gNB and a UE, as shown in Figure 4. We add suffix
‘-u’ to distinguish NR-U blocks from NR ones. The NR
radio stack consists of multiple layers and functional blocks,
including the ‘radio resource control’ (RRC), ‘service data
application protocol’ (SDAP), ‘packet data convergence pro-
tocol” (PDCP), ‘radio link control’ (RLC), MAC, and PHY.
More details on the NR radio stack arhitecture can be found
in [30]. The LBT Manager block was added to perform
the CATx-LBT procedures, as discussed in Section II-B2.
Note that some NR-U blocks may not be present in certain
deployment scenarios. For instance, ‘RRC-unlicensed’ (RRC-
u), ‘SDAP-unlicensed’ (SDAP-u), ‘PDCP-unlicensed’ (PDCP-
u), and ‘RLC-unlicensed’ (RLC-u) are required only for NR-
U standalone and NR-U DC-based deployment scenarios.
Strategies for traffic splitting/convergence between NR-U and
other radio access networks (RANs) can be integrated as part
of the ‘Traffic Splitter’ (TS) block. Depending on the NR-U
deployment scenario, the TS block can be placed at different
levels of the radio stack, as shown in Figure 4.

C. Transmission and Signal Design

In NR-U, the gNB-initiated COT can be split into DL and
UL bursts, as shown in Figure 2(d). UEs receive and send their
control messages within the PDCCH and PUCCH channels.
They receive and send their data messages within PDSCH and
PUSCH channels. NR-U supports flexible setting of UL and
DL allocations in the same COT. It is a dynamic time division
duplex (TDD) design in which several DL and UL occasions
can take place in a gNB-initiated or a UE-initiated COT.
Switching between DL and UL transmissions might be delayed
due to the processing required at UE/gNB. If the transition
time between DL and UL transmissions, i.e., Ty, in Figure
2(d), is longer than 16 microseconds, UEs should perform
CAT2-LBT for Tfxeq = 25 microseconds before starting their
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UL transmissions. UEs in a given network can have varying
capabilities, and thus proper UL and DL scheduling as well as
frame format design are required for efficient COT utilization
by considering all UE categories.

The NR-U uses the same waveform as in NR design. The
waveform is an OFDM-modulated signal and has scalable
numerology in which multiple subcarrier spacings (SCSs) can
be supported, i.e., Af, = 15x 2* KHz, where 1 € {0,1,2,3}
is the numerology index. For operation over UNII bands,
30 KHz is the default SCS. Every 12 subcarriers over one
OFDM symbol constitute a resource block (RB). Multiple
numerologies can be multiplexed in the frequency domain
using the bandwidth part (BWP) concept, in which every BWP
has its independent signaling and numerology structure.

A block of control and data messages, a.k.a., transport block
(TB), is transmitted on a time period known as transmission
time interval (TTI). Up to two TBs are sent in a TTIL. Each
TB consists of a set of control messages that are sent over the
PDCCH/PUCCH, along with data messages that are sent as
part of the PDSCH/PUSCH. Data acknowledgement (ACK)
and retransmissions are managed on a TB basis. It is also
possible to assign feedback on a codeblock basis. Every TB is
assigned a unique HARQ process that monitors ACK feedback
and handles the retransmission of failed messages. It should
be noted that due to the processing delay, it may take the

UE/gNB several TTIs before sending the ACK. Therefore,
multiple HARQ processes could be active simultaneously and
work in parallel to support continuous TB transmissions over
time. The granularity of a TTI can be as small as one mini-slot
or slot. Similar to 5G NR, NR-U transmissions are structured
into ‘time slots’, each consisting of 14 OFDM symbols. The
slot duration is Ty, = 27 * milliseconds. In NR-U, it is also
possible to have a ‘mini-slot’ that consists of 2 to 13 OFDM
symbols, which is intended to align NR-U slots with NR slot
boundaries.

It is possible that channel sensing interval may not align
with OFDM symbol boundary. In these cases, cyclic prefix
(CP) extension can be used to achieve perfect alignment. CP
extension can also be used to give UEs more time before
switching from DL to UL. CP extension on UL is controlled
and configured by RRC layer.

IV. NR-U CHALLENGES
A. Interlace Waveform Design

In UNII bands, the minimum nominal channel bandwidth
(NCB) is 20 MHz. The occupied channel bandwidth (OCB) ,
defined as the bandwidth within which 99% of signal power
is located. According to the European Telecommunications
Standards Institute (ETSI) specifications, OCB should be at
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least 80% of the NCB. This is needed to achieve harmonious
coexistence with other systems, such as Wi-Fi. An example of
NCB and OCB is shown in Figure 5(a). NR-U uses OFDMA
for UL transmissions, where different UEs can be scheduled on
orthogonal RB resources. Scheduling multiple UEs as well as
mixing of different BWPs should be handled carefully to meet
the OCB/NCB requirement. For instance, different interlace
waveform designs, one of which is shown in Figure 5(b) as
Option 2, may be used to satisfy the OCB/NCB requirement.
NR-U supports up to 5 and 10 interlace structures for 30 KHz
and 15 KHz SCSs, respectively. Additional details on NR-U
interlace design can be found in [31].

B. Operation Over Multiple Channels

UNII bands are composed of basic channels of 20 MHz
bandwidth. Operating on wider bandwidth can be achieved
by bonding channels together. NR-U also allows operation
on a single wideband carrier that could overlap with a set of
unlicensed channels. For both standalone and non-standalone
modes, NR-U supports operation over a wide bandwidth,
composed of a primary channel and multiple secondary chan-
nels (a.k.a., multi-carrier channel access) in both standalone
and non-standalone modes. Multi-carrier channel access in
LTE-LAA and 5G NR-U is implemented through carrier
aggregation. Compared to LAA, NR-U supports a standalone
operation over the unlicensed bands, and thus differs from
LAA in that the master and secondary carriers can be both in
the unlicensed spectrum. For the non-standalone mode, LTE
implements multi-carrier operation over unlicensed bands,
a.k.a., supplemental downlink and supplemental uplink, where
a master cell (MCell) operates over a licensed carrier and
secondary cells (SCells) are configured to run over unlicensed
carriers. NR-U, on the other hand, is supposed to support
a standalone operation over unlicensed bands, and thus both
MCell and SCell can operate over unlicensed carriers. Options
of multi-carrier operation for LAA overlap with the options
offered under NR-U. LAA defines two types of channel access
over multiple carriers: Type A and Type B. In Type A, a base
station conducts individual backoff instance with CAT4-LBT
procedure per carrier before accessing it. The base station can
access any carrier once the backoff counter of its backoff
instance reaches zero. Two subcategories for Type A multi-
carrier access are available: Type Al and Type A2. In Type
Al, the backoff counters of different carriers are initiated with
different values, while in Type A2, they are all initialized
with a common value. In Type B, on the other hand, the base

station can access a group of channels simultaneously, where it
conducts CAT4-LBT over one carrier and CAT2-LBT over the
remaining carriers. The base station simultaneously accesses
the cleared carriers. However, the base station is supposed to
frequently change the carrier for which it performs CAT4-LBT
(e.g., frequency hopping). Depending on when the base station
doubles its contention window, two subcategories of Type B
channel access are also defined, namely, Type B1 and Type
B2. In Type B1, a common CW,,;,, value is maintained over
all carriers, while in Type B2, different CW,,;, values are
defined for different carriers. NR-U MIMO operation within
NR-U’s COT is transparent to the LBT procedure. However,
the energy sensing threshold should be configured properly
if the sensed signal is captured over multiple antennas. In
other words, the sensing outcomes should not be biased by
any applicable analog/digital beamforming.

NR-U inherits the multi-carrier access options of LAA.
Multi-carrier channel access is challenging because it is not
clear how LBT should be handled when both primary and
secondary carriers are configured over unlicensed channels.
In Figure 6, we propose four options for the LBT procedure
in multi-channel access scenario. In Option 1, base station
performs a wideband LBT on all channels (i.e., wideband
channel) and only starts a COT if all channels are cleared
simultaneously. A common counter can be initiated and main-
tained during the backoff process. Contending on a wide chan-
nel bandwidth requires properly setting the sensing threshold
to maintain harmonious coexistence with other systems. In
Option 2, gNB/UEs perform CAT4-LBT on all channels
separately, and they only access the channels that have been
cleared. Option 2 overlaps with Type A of LAA. In Option
3, there could be a single counter maintained for the primary
channel, while the secondary channels are sensed for a fixed
duration with CAT2-LBT. Option 3 overlaps with Type B of
LAA. In Option 4, gNB/UEs perform LBT only on the primary
channel and access all channels whenever the primary one is
cleared. The forth option is the simplest, but it is expected
to create more collisions, especially when these secondary
channels are configured as primary for other systems sharing
them. More investigations are required to evaluate the impact
of these options on other systems coexisting with NR-U.

C. Frequency Resue for NR-U/Wi-Fi Coexistence

One of the challenges in NR-U design is how to set the
energy detection thresholds, which are used to infer channel
occupancy. Energy detection (ED) can provide only a binary
indication of the channel status, while preamble detection (PD)
provides information on the type of the device occupying the
channel. By knowing this type, the detection threshold can
be adapted to reduce the impact of hidden/exposed terminals.
Adapting the detection threshold can also be done to achieve
improved fairness between coexisting technologies. NR-U uses
—72 dBm as the baseline ED threshold for 20 MHz channel
bandwidth. In the absence of other technologies, ED threshold
can be relaxed up to -62 dBm. ED threshold needs to be
scaled based on the bandwidth of the channel as discussed
in [26]. UEs can be configured by the RRC layer to adapt
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D. Scheduler and HARQ Design

DL and UL scheduling in NR-U is asynchronous, meaning
that the time to retransmit a failed TB is not predetermined
and must be indicated explicitly. There are three timing delays
governing the dynamics for a DL HARQ process: Dg, D1, and
D>, as shown in Figure 7(a). Dy is the time between a DL
grant and DL data occasions. D; is the time between the DL
data and a HARQ feedback message occasions. D5 is the time
between HARQ feedback message and data retransmission
occasions. In the uplink, there are two key delays, U, and Uq,
that govern the timing for the UL HARQ process, as shown in
Figure 7(b). Uy is the time delay between the notification for
an UL grant and the UL data occasions. U is the time delay
between the UL data and the UL HARQ feedback message
occasions. Proper setting of these time delays is critical for
harmonious coexistence of NR-U and Wi-Fi systems. Failing
to meet these timing constraints can trigger many unnecessary
retransmissions on the NR-U side, reducing its throughput
and the airtime available for Wi-Fi devices. Configuring these
times to be within the gNB-initiated/UE-initiated COT bound-
ary ensures consistent operation for NR-U systems, as shown
in Figure 7(c). The TB can be divided into smaller sub-blocks
called the code block groups (CBGs), which can be coded
individually. In addition to the TB-based HARQ design, NR-
U supports a HARQ design for CBGs that takes place at the
PHY layer. The impact of TB-based and CBG-based HARQ
designs on harmonious NR-U/Wi-Fi coexistence is a topic that
requires further investigation. Enhancements to HARQ include
the use of dynamic codebook in which multiple PDSCH

(b) HARQ timing for UL transmission, and (c) embedding HARQ control
messages within the same COT.

occasions (possibly occurring across multiple COTs) can be
acknowledged in one codebook feedback message. There is
also an option to indicate ACK feedback timing to ‘later’,
which means UE can send feedback over coming COTs.
Another enhancement is the inclusion of one-shot feedback
request whereby gNB can trigger UEs to report all their
feedback for all HARQ processes using one-shot feedback
report. To distinguish PDSCH occasions that could span over
multiple COTs, PDSCH occasions are indexed using the 2 bits
‘DL assignment index’ (DLI) and one bit ‘PDSCH group’.
The gNB indicates its success of receiving ACK feedback
from UE by toggling the New Feedback Indicator (NFI) bit
in the DL control signaling. Additional details on signaling
of DL and UL resource mapping and allocation can be found
in [35]. UL scheduling in NR-U is enhanced to account for
unreliable unlicensed channels. A single UL grant can be used
to schedule multiple UL TBs for the same UE. Configured UL
grant can be sent to allow UEs to autonomously access some
UL resources without grant, reducing signaling overhead and
providing them more opportunity to access the channel. NR-U
also gives more flexibility for sending SRS on any applicable
UL OFDM symbol.

E. Initial Access and Discovery Design

Initial access is handled as part of the RRC-u layer. A
UE attaches to the gNB with the highest received power
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and maintains time/frequency synchronization with it. To send
critical messages, such as the discovery bursts, the gNB
performs CAT2-LBT procedure, as shown in Figure 2(e).
The DL part of a discovery frame within COT contains
the synchronization signal block (SSB) burst, which includes
initial information (i.e., master information block (MIB) and
pointers to remaining system information (RMSI)) required by
UE:s to attach to the unlicensed cells over an unlicensed carrier.
The SSB consists of Physical Broadcast Channel (PBCH) and
synchronization signals, i.e., primary synchronization signal
(PSS) and secondary synchronization signal (SSS). To dis-
cover a cell, a UE monitors the SSB occasion. The discovery
frame is sent using CAT2-LBT channel access to ensure fast
delivery, enabling quick initial access and discovery. Discovery
frame is sent with periodicity of 20 milliseconds and can take
place in 10 or 20 candidate locations within a discovery burst
window of 5 milliseconds depending on SCS. The COT of a
discovery frame can be up to 0.5 or 1 milliseconds depending
on SCS.

After receiving the discovery frame, the UE starts a random
access channel (RACH) procedure with the best gNB by
engaging in a 2-messages or 4-messages handshake procedure
depending on their connectivity status (2-messages handshake
procedure can be used for enabling seamless handover between
gNB for connected UEs). The RACH procedure could span
more than one COT. To maintain harmonious and fair coexis-
tence of NR-U and IEEE 802.11-based systems, the periodicity
of the discovery frame and the RACH procedure should be
optimized to support proper initial access without causing
impairments to coexisting IEEE 802.11 systems. To account
for channel unavailability, NR-U has been supported with
additional paging occasions. The design of NR-U includes
enhancements to better distinguish between repeated channel
access failures and radio link failures.

V. DISCUSSION AND SIMULATION RESULTS

To evaluate the performance of coexisting NR-U and Wi-
Fi networks, we consider an NR-U network that operates
according to Scenario D in Figure 3, i.e., a licensed carrier
is used for UL communications (via a 5G NR gNB), and
an unlicensed carrier is used for DL. We consider an indoor
setting in which an NR-U operator deploys three gNBs that
share a 20 MHz channel at 5.18 GHz with three other IEEE
802.11ac-based APs, as shown in Figure 8. Every gNB/AP
serves 5 UEs/STAs, whose locations are randomly selected
while ensuring a received power of at least —82 dBm. This
topology was calibrated and optimized by 3GPP to ensure
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Fig. 9. 3GPP outdoor topology used to evaluate NR-U/Wi-Fi coexistence (A
= 1.5) [7].

10%-15% of received power is below —72 dBm, thereby
showing the impact of hidden terminals. We consider the the
3GPP InH office pathloss model. We set the transmit power
(TP) for gNBs and APs to 23 dBm, and the TP for UEs and
STAs to 18 dBm. We set the COT/TXOP to 8 milliseconds,
maximum modulation to 64 QAM, and spatial multiplexiing
to 2x2 MIMO for both NR-U and Wi-Fi devices. For the
NR-U systems, we set the ED threshold to —72 dBm and
subcarrier spacing to 15 KHz. For the Wi-Fi systems, we
set the ED threshold to —62 dBm and preamble detection
threshold to —82 dBm. RTS/CTS are disabled. A-MSDU is
set to 64 packets. The Minstrel algorithm is used for link
adaptation [36]. We used a customized version of the NS3
simulator (v3.25). We modified the NS3 implementation to
accommodate the 3GPP requirements (Study Item TR 38.889
[7]). The HARQ design was made more flexible and scalable
than in LTE-LAA. HARQ operation and sending of feedback
were configured to commence and conclude within one TXOP
duration. Traffic generation was brought closer to APs and
gNBs. This eliminated the need for backhaul network to con-
nect traffic generators and radio access network, and ensured
our results are not biased by delay and scheduling that take
place over the backhaul links. To ensure our traffic generation
matched real world situation, we implemented traffic genera-
tion to be independent and concurrent for both NR-U and Wi-
Fi users. Uplink and downlink traffic generations were made
independent and concurrent across users.

We consider FTP traffic that is generated according to the
3GPP FTP model 3 with a file size of 0.5 MB. Files are
generated according to a Poisson process of rate A files per
second. NR-U and Wi-Fi devices access the channel using
PC P; and AC_BE, respectively. For a Wi-Fi user, its traffic
is divided equally between UL and DL. For NR-U devices
(UEs), the DL traffic is sent over unlicensed spectrum, while
the UL traffic is transported over a licensed channel. We only
report the DL traffic for NR-U. Each simulation is run for 30
seconds and repeated 20 times, where in each time we consider
different locations for UEs and STAs. In our simulations, we
include the control and management frames used in IEEE
802.11ac and NR-U, and simulate STA association and UE
attachment procedures. We study the following performance
metrics.

o User Perceived Throughput (UPT): This metric is ob-
tained by dividing the file size in (bits) over its delivery



time. Let ¢; be the time a file was generated, and let ¢5 be
the time when the last packet from this file was delivered
successfully to the receiver. Let S be be the file size in
bits. The UPT is computed as UPT = S/(t2 — t1).

o MAC-layer latency (T},): This is the time needed to de-
liver a packet between two MAC entities. The latency per
packet (7},) includes the queuing time at the transmitter
(Ty), backoff delay (T3), over-the-air transmission (73),
and processing delays (77) at the transmitter and receiver.

e Buffer occupancy (BO): BO is an indicator of the effec-
tiveness of scheduling and buffer management of various
technologies. It is measured by dividing the time for
which buffers are non-empty by the total simulation time.

e Utilization factor (p): is obtained by dividing the amount
of traffic delivered successfully by the total amount of
offered traffic.

A. Indoor Coexistence Over the Unlicensed 5 GHz Band

We plot the average BO versus traffic intensity (\) in
Figure 10. Under the same A, NR-U and Wi-Fi experience
different BO behaviors. As A increases, NR-U buffers saturate
faster than Wi-Fi. Because of its reliance on OFDMA, NR-U
processes buffers and multiplexes UEs differently than Wi-Fi.
On the other hand, Wi-Fi usually serves one user at a time.
Although NR-U experiences higher BO than Wi-Fi, it is more
reliable in terms of packet delivery. We plot p versus A in
Figure 11. At low traffic loads, we notice that both NR-U and
Wi-Fi have high spectrum utilization. In other words, they both
utilize their airtime efficiently and result in many successful
transmissions. However, as \ increases, the Wi-Fi networks
start to experience more losses, dropping many packets due
to collisions. On the other hand, NR-U networks seem to be
more immune to collisions, providing higher percentage of
successful traffic delivery. At heavy traffic loads, we notice
that NR-U has higher spectrum utilization than Wi-Fi and
provides more robust and reliable data transmission. NR-U
networks perform better in terms of spectrum utilization for
several reasons. The design of the HARQ process in NR-
U relies on soft-combining, which provides more immunity
against interference caused by collisions with Wi-Fi systems.
In addition, NR-U takes advantage of the licensed spectrum
to exchange critical feedback messages, allowing for timely
control of retransmissions. Wi-Fi must rely on unlicensed
spectrum to exchange critical messages.

In Figure 12, we plot the CDF of the UPT for Wi-Fi DL and
UL, as well as NR-U DL. We also plot the average UPT versus
A in Figure 13. NR-U maintains higher average UPT than Wi-
Fi UL and DL. At heavy traffic loads, we notice that Wi-Fi
STAs experience outage, where about 30% of users receive
zero throughput. This happens because some critical Wi-Fi
control and management frames are lost due to collisions with
NR-U transmissions. For instance, we noticed many failed
attempts to deliver reassociation frames and/or frames carrying
important messages, such as address resolution protocol (ARP)
request/reply messages. These issues did not happen in NR-
U because NR-U uplink traffic goes overa licensed channel.
Similar observations of Wi-Fi losing frames that contain
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Fig. 11. Average utilization factor vs. file arrival rate.

important control messages were also reported in other studies
(see [37] and references therein).

We plot the latency CDF in Figure 14, and the average
latency versus traffic intensity in Figure 15. The latency
measurements are reported on a per packet basis. It can be ob-
served that Wi-Fi devices experience higher latency than NR-
U. At light traffic, both networks experience latency below 100
milliseconds. However, as A increases, the per-packet latency
increases exponentially, with the average latency per packet
becoming in the orders of seconds. At heavy load, the average
latencies for Wi-Fi and NR-U networks are comparable. As
observed from NR-U latency performance, the effectiveness
of using NR-U for supporting URLLC applications over unli-
censed bands can be challenging. Enabling the use of higher
numerology indices for NR-U operation over unlicensed bands
could result in lower latency at heavy loads.

B. Outdoor Coexistence Over the Unlicensed 5 GHz Band

Next, we investigate outdoor scenarios, as shown in Figures
16, 17, 18, and 19. We consider 3GPP UMi Street Canyon
path loss model and the outdoor topology in Figure 9. Under
light and medium traffic loads, NR-U achieves higher MAC
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throughput than Wi-Fi. However, under heavy traffic, we
observe that NR-U performance becomes worse than Wi-Fi
uplink. Both NR-U and Wi-Fi downlink have comparable
performance. Under heavy traffic load, Wi-Fi stations become
more active and aggressive in accessing the unlicensed channel
because of their reliance on higher energy sensing thresholds
than NR-U, i.e., —62 dBm vs. —72 dBm. This results in Wi-
Fi uplink achieving higher throughput. The same observation
applies to outdoor latency performance, as can be observed
in Figures 18 and 19. The latency of NR-U and Wi-Fi are
comparable under low and medium traffic loads. Under heavy
load, NR-U and Wi-Fi downlink streams experience higher
latency than Wi-Fi uplink streams.

C. Indoor Coexistence Over the Unlicensed 6 GHz bands

Following the FCC’s most recent Report and Order and
FNPRM for operation over the unlicensed 6 GHz bands [16],
we set the transmit power of base stations to 18 dBm and
that of users to 12 dBm (see Table 3 [16]). We report the
per-user MAC throughput and per-packet latency for indoor



Avg. UPT (Mbps)
= N w B w o ~ o]
o o o o o o o o

o

Fig. 17. Average UPT vs. A (outdoor at 5.18 GHz; transmit power: 23 dBm;
channel bandwidth: 20 MHz; 3GPP UM i street canyon path loss model).

CDF

@ @ WiFi-DL

V¥ WiFi-UL ||
-l NR-U-DL

01 02 03 04 05
A (files/second)

WIiFi-DL, A=0.01
WiFi-UL, A=0.01

= NR-U-DL, A=0.01

WiFi-DL, A=0.1
WiFi-UL, A=0.1
NR-U-DL, A=0.1
WiFi-DL, A=0.6
WiFi-UL, A=0.6

== NR-U-DL, \=0.6

0 50 100 150 200 250 300 350 400
Latency (milliseconds)

Fig. 18. CDF of latency (outdoor at 5.18 GHz; transmit power: 23 dBm;
channel bandwidth: 20 MHz; 3GPP UMi street canyon path loss model).

104

-
@ @ WiFi-DL
V¥ WiFi-UL
Bl NR-U-DL

i
o
W

Avg. Latency (msec)
-
o

[
o
)

01 02 03 04 05 06 07 0.8
A (files/second)

10°

Fig. 19. Average latency vs. A (outdoor at 5.18 GHz; transmit power: 23 dBm;
channel bandwidth: 20 MHz; 3GPP UM i street canyon path loss model).

WiFi-DL, A=0.1
----- WiFi-UL, A=0.1
= NR-U, A=0.1
== WiFi-DL, A=0.4
----- WiFi-UL, A=0.4
= NR-U, \=0.4
== WiFi-DL, A=1
---- WiFi-UL, A=1
= NR-U, A=1

CDF

60 80 100 120 140
UPT (Mbps)

Fig. 20. CDF of UPT (indoor at 6.18 GHz; transmit power: 18 dBm; channel
bandwidth: 20 MHz; 3GPP InH path loss model).

operation at 6.18 GHz center frequency. The CDF of the per-
user MAC throughput is shown in Figure 20, while the average
MAC throughput versus traffic rate (\) is shown in Figure
21. The rest of simulation parameters are set as in the case
of indoor operation over the unlicensed 5 GHz bands. Inline
with our previous observations of the performance over the 5
GHz bands, NR-U achieves higher throughput than Wi-Fi. We
observe that NR-U average gain over Wi-Fi is even higher than
in the case of the unlicensed 5 GHz band. The ratio of NR-U
to Wi-Fi highest average throughout is 1.5 at the unlicensed 6
GHz band, while it is 1.17 for the case of unlicensed 5 GHz
band. Unlike Wi-Fi, NR-U is less affected by the reduction in
the transmit power, and this is due to the fact that NR-U has
more sophisticated interference mitigation, rate control, and
HARQ designs than Wi-Fi. We also report the CDF for the
packet latency in Figure 22, and the average packet latency
versus A in Figure 23. As can be observed, NR-U achieves
lower latency than Wi-Fi, but the gap in latency shrinks as
A increases. In the DL, NR-U achieves a comparable latency
performance to Wi-Fi at heavy traffic load, as shown in Figure
23.

VI. CONCLUSIONS

This paper provided an overview of 5G NR-U technology
and discussed open challenges to operate it in the presence
of Wi-Fi systems. Achieving harmonious NR-U/Wi-Fi coex-
istence requires investigating many NR-U issues, including
waveform design, multi-channel operation, frequency reuse,
scheduling and HARQ, as well as the initial access and discov-
ery design. Our simulations indicate that under heavy traffic,
NR-U achieves higher throughput and lower latency than Wi-
Fi, and experiences different BO and spectrum utilization
statistics than Wi-Fi. We found that the loss of certain critical
control messages due to collisions with NR-U transmission
messages could be detrimental to Wi-Fi operation. There
is a need for additional enhancements to ensure successful
delivery of critical Wi-Fi messages. For example, Wi-Fi could
be configured with more reliable and fast LBT parameters
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when sending critical messages. We also found that NR-U
effectiveness to support URLLC applications over unlicensed
bands is still questionable. NR-U design needs to support
additional enhancement for securing lower latency. Examples
of these enhancement could be using higher numerology
indices and supporting faster retransmissions.
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