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Abstract
Recently, the concept of 5G vehicular small-

cell networking (V-SCN) has been proposed to 
meet the growing demand of mobile data ser-
vices in vehicular communications. However, 
it is a great challenge to explore spectrum and 
energy efficiency due to the fast vehicle mobility 
and varying communication environment. In this 
article, we focus on critical issues, such as interfer-
ence management and handover, when employ-
ing 5G V-SCNs. In order to solve these issues, the 
network architecture embedded with NOMA is 
deigned. Furthermore, we propose a hierarchical 
power control solution to perform the joint opti-
mization of cell association and power control to 
improve the spectrum and energy efficiency in 
NOMA-enabled 5G V-SCNs. Numerical compari-
son results provide some guidelines for develop-
ing NOMA-enabled 5G V-SCNs in an economical 
and highly energy-efficient manner.

Introduction
Vehicular wireless networks are expected to 
deliver safety applications such as safety warning, 
traffic information, road obstacle warning, and 
intersection collision warning, real-time contents 
such as monitoring and multimedia streams, and 
non-real-time contents such as web browsing, 
images, messaging, and file transfers for vehicles 
[1]. The small cell networking (SCN) topology has 
been proposed as a promising and scalable solu-
tion to accommodate the unprecedented growth 
of wireless data traffic for future fifth-generation 
(5G) cellular networks [2, 3]. Driven by the ever 
denser deployment of small cells, vehicles can 
communicate with one another with the aid of 
small cell base stations (BSs) for a wide spectrum 
of safety and comfort applications. Therefore, the 
vehicular SCN (V-SCN) has been emerging as a 
promising vehicle-to-infrastructure (V2I) access 
technology to provide vehicles with better cover-
age and high-quality service experience while on 
the move [4, 5].

Although the SCN topology has been exten-
sively studied in different contexts, the salient 
features of vehicular communications (e.g., vary-
ing road density, fast mobility, observable social 
patterns) mean that the application of V-SCNs 
poses new challenges. With the massive deploy-
ment of small cells, the V-SCN suffers from severe 
co-channel interference and unbalanced traffic 
load distribution among neighbor cells. Mean-
while, more frequent handover requests would be 

triggered easily due to fast vehicle mobility. With 
the growing demand for mobile data services, 
more spectral resources are required for V-SCNs. 
To meet these challenges, the 5G communication 
technologies, including non-orthogonal multiple 
access (NOMA), massive multiple-input multi-
ple-output (MIMO) antenna technology, millime-
ter-wave communication technology and so on 
can be developed for V-SCNs to reduce handover 
frequency, improve spectrum efficiency, and bal-
ance traffic load as well as mitigate interference 
among cells.

NOMA has been validated as an essential 
enabling technology for 5G wireless networks 
to meet the heterogeneous demands for low 
latency, high reliability, massive connectivity, 
and high throughput [6]. As such, we propose 
5G V-SCNs by introducing NOMA with suc-
cessive interference cancellation (SIC). NOMA 
with SIC enables multiple simultaneous trans-
missions on the same frequency-time resource. 
Using NOMA with SIC, some of the co-chan-
nel interference can be eliminated by the SIC 
receiver equipped at the receiver side so that 
the capacity and resource utilization of V-SCNs 
can be effectively improved. Therefore, NOMA 
with SIC can be applied to 5G V-SCNs to pro-
vide multiple vehicles with efficient simultane-
ous transmissions of safety applications and 
real-time/non-real-time contents in the context 
of ever scarcer radio resource. Considering 
vehicle mobility, it is significant to dynamically 
allocate small cell BSs and transmit power to 
vehicles that perceive different channel gains to 
BSs. Such an operation can enhance the long-
term system-wide performance and avoid exces-
sive handovers. This leads us to the concept of 
joint optimization of cell association and power 
control, which is essentially the power-updat-
ing-based re-association/handover problem for 
NOMA-enabled 5G V-SCNs. In this context, this 
article proposes a solution of cell association 
and power control to improve the spectrum 
efficiency and energy efficiency of NOMA-en-
abled 5G V-SCN. More specifical, it intends to 
maximize the long-term station data rate related 
network-wide utility subject to the upper bound 
of small cell BSs’ power consumption.

The remainder of this article is organized as 
follows. We first review the recent literature on 
5G V-SCNs, and then discuss the challenges in 
NOMA-enabled 5G V-SCNs. After that, we 
describe the architecture of downlink NOMA-en-
abled 5G V-SCNs. We then propose a hierarchical 
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power control solution to perform the joint opti-
mization of cell association and power control in 
this context. Finally, we verify the proposed solu-
tion using simulations, and close the article with 
conclusions and discussions on future research.

Related Work on 5G V-SCNs
Architecture Design

The widespread use of connected vehicles gen-
erates high volumes of mobile data services. To 
meet this growing demand, various potential 
communication technologies are emerging in 5G 
V-SCNs. Massive MIMO antenna technology is 
validated to improve the 10-20 spectrum effi-
ciency over the same time and frequency range 
[7]. Due to the large bandwidth (usually more than 
100 MHz frequency), millimeter-wave (mmWave) 
communication technology is explored to support 
gigabit wireless services in 5G networks. As illus-
trated in [8], mmWave can perform as a scalable 
solution for forwarding massive backhaul traffic 
originating from small cells into the core network. 
Full-duplex (FD) transmission has been emerg-
ing as a promising transmission mode in cellular 
networks [9], because it can potentially double 
the spectrum efficiency by allowing simultaneous 
downlink and uplink transmission within the same 
frequency band.

Apart from the aforementioned communi-
cation technologies, other networking technol-
ogies may also be imperative for the wireless 
evolution to 5G. Self-organizing networks (SONs) 
with the abilities of self-configuration, self-opti-
mization, and self-healing have been explored to 
reduce both the network’s operational and capital 
expenditures for 5G [10]. Cloud radio access net-
working (C-RAN) has been proposed to provide 
low-cost, high-resource-utilization, and energy-effi-
cient wireless networks for 5G [11].

Technologies for Multiple Access
Orthogonal multiple access (OMA) techniques 
have been used for interference avoidance in 4G 
Long Term Evolution (LTE) and LTE-Advanced (LTE-
A) networks, such as orthogonal frequency-division 

multiple access (OFDMA) for downlink and sin-
gle-carrier FDMA (SC-FDMA) for uplink. The 5G 
V-SCN is expected to perform WITH high spectral 
efficiency, high energy efficiency, massive connec-
tivity, low latency, and infrequent handovers. To 
address these challenges, NOMA has been actively 
investigated as a potential alternative to OFDMA 
and SC-FDMA for the 5G V-SCN [6].

Unlike conventional OMA schemes, the key 
idea of NOMA is to support multiple vehicles on 
the same frequency-time resource by non-orthog-
onal resource allocation. Since NOMA leads to 
a controllable amount of inter-user interference, 
it can be mitigated with the aid of sophisticated 
multi-user detectors at the cost of more complicat-
ed receiver design. Considering the superior ben-
efits, various novel NOMA schemes have been 
extensively investigated for 5G in the literature, 
such as power-domain NOMA and code-domain 
NOMA, including low-density spreading multiple 
access, sparse code multiple access, lattice parti-
tion multiple access, multi-user shared access, as 
well as pattern division multiple access.

Mobility-Aware Cell Association
To enhance mobility resilience and spectrum 
efficiency, 5G V-SCNs have necessitated mobil-
ity-aware cell association mechanisms. The 
increased cell desification becomes the natural 
choice for 5G wireless networks. On the other 
hand, the handover performance experienced 
in LTE-A systems reveals that a cell association 
optimization technique can effectively reduce the 
handover rate [12].

Concerning optimization strategies, a survey 
[13] presents the main works addressing mobili-
ty-aware cell association. To reduce the handover 
complexity, dual connectivity, which allows vehi-
cles to be simultaneously associated with macro-
cell BSs and small cell BSs, has been standardized 
as a remedy for supporting the fast vehicle mobil-
ity in small cell networks [14]. Dual connectivity 
enables vehicles to maintain the connection to 
the macrocell BS, and thus guarantees the long-
term system-wide performance due to the wide 
footprint of macrocell BSs, although vehicles 
might hand over among small cell BSs frequently.

Challenges in NOMA-Enabled 5G V-SCNs
Driven by the superior benefits from NOMA, it 
has been proposed as a promising multiple access 
technique to apply to 5G V-SCNs. It is worth not-
ing that the NOMA-enabled 5G V-SCN is not a 
simple upgrade of any exiting V2I networks by 
adopting a promising multiple access. It needs 
rethinking from the system and architecture levels 
down to the physical layer.

Network architecture: Due to the fast vehicle 
mobility and varying communication conditions, 
it is important to design a sophisticated network 
architecture to guarantee the low latency, high 
reliability, massive connectivity, and high through-
put for moving vehicles. The key elements in the 
architecture include:
•	 A novel access layer to serve massive num-

bers of vehicles simultaneously in the NOMA 
manner

•	 Mobility-aware network intelligence to opti-
mize limited network resource usage and 
planning

FIGURE 1. Architecture of downlink NOMA-enabled 5G V-SCN.
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•	 An efficient data forwarding management 
layer to offload the data traffic requested by 
vehicles to associated small cell BSs adap-
tively.
Handover delay: A direct consequence of 

small cell densification could be more frequent 
handovers among cells due to the fast vehicle 
mobility. However, handovers trigger a whole 
host of complex procedures, which may result 
in undesirable handover delays. This delay can 
significantly degrade transmission reliability for 
vehicles. Therefore, characterizing the handover 
delay will be crucial in designing handover (or 
cell association) schemes for NOMA-enabled 5G 
V-SCNs.

Interference management: To support the 
exponentially increasing demand on mobile data 
services, massive small cells will be deployed in 
5G V-SCNs. This necessitates denser spectrum 
reuse patterns for capacity boosting. Therefore, 
the 5G V-SCN is evolving toward in-band commu-
nication by adopting NOMA. As such, intelligent 
cell association and resource allocation strate-
gies are imperative that can effectively mitigate 
interference from concurrent transmissions for 
NOMA-enabled 5G V-SCNs.

Backhaul: Due to the fast vehicle mobili-
ty and varying communication environment, 
the traffic load per small cell can be highly 
time-varying in NOMA-enabled 5G V-SCNs. 
Moreover, with the ultra dense deployment of 
small cells, forwarding massive backhaul traffic 
into the core network with satisfactory quali-
ty of service (QoS) is a challenging issue for 
NOMA-enabled 5G V-SCNs. Therefore, it is 
of practical importance to develop efficient 
and economical backhauling solutions that 
can adaptively account for the communication 
conditions and traffic loading conditions per 
small cell.

Network Architecture and Cell Association
We consider that the downlink NOMA-enabled 
5G V-SCN consists of multiple small cell BSs 
deployed along the roadsides and a set of vehi-
cles moving on the road. All small cell BSs are 
connected to the server established by the mobile 
network operator via fiber. The architecture of a 
NOMA-enabled 5G V-SCN is shown in Fig. 1. The 
considered network employs NOMA with SIC as 
a multiple access scheme. In NOMA with SIC, 
every small cell BS adopts simultaneous multi-user 
transmission via superposition coding, and every 
vehicle adopts the SIC receiver to decode the 
signals from its associated small cell BS.

Considering the difference of smal cell BSs in 
service capacity due to the individual maximum 
transmit power, we formulate the load level of 
small cell BSs using the function Us(

–Rs), which 
maps the long-term station data rate –Rs into a util-
ity value. Furthermore, we consider Us(⋅) as an 
increasing, strictly concave, and continuously dif-
ferentiable function. In our V-SCN, we therefore 
formulate the joint optimization of cell association 
and power control to maximize the network-wide 
aggregate utility across small cell BSs over a long-
term station data rate region, that is,

Us (Rs )
∀s
∑ .

In this context, our proposed cell association can 
be summarized as follows:
•	 Objective: Maximize the long-term station 

data rate related network-wide aggregate 
utility across small cell BSs.

•	 Constraints:
1.	The long-term station data rate Rs satisfies the 

sum date rate across vehicles associated with 
small cell BSs averaged over time.

2.	The data rate of a vehicle associated with 
small cell BS s is obtained when the SIC 
receiver of a vehicle performs the SIC 
decoding while treating the signals from all 
other active smal cell BSs as interference.

3.	The total transmit power across associated 
vehicles should be lower than or equal to 
the transmit power Ps,t available at the small 
cell BS s in time t.

4.	The available transmit power cannot exceed 
the upper bound of transmit power at a 
time.

Solution: Hierarchical Power Control
Naturally, if a small cell BS is off, its transmit 
power is equal to zero, and on otherwise. More-
over, the vehicle is associated with small cell BS s 
only when small cell BS s allocates positive trans-
mit power to send its data stream. Therefore, the 
power control can integrate the on/off small cells 
strategy and the cell association strategy together. 
Furthermore, the optimal solution of maximizing 
the network-wide utility can be performed based 
on a standard gradient-based algorithm due to the 
convex nature of Us(⋅) and –Rs. The obtained opti-
mal solution corresponds to the optimal power 
control that maximizes the weighted sum rate 
across small cell BSs with weights being margin-
al utilities in each timeframe. Motivated by this, 
we develop a hierarchical power control solu-
tion to implement the joint optimization of cell 

FIGURE 2. Hierarchical power control solution.
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association and power control for the downlink 
NOMA-enabled 5G V-SCN through maximizing 
the weighted sum station rate in each timeframe.

Figure 2 shows the hierarchical power control 
solution. It covers two decision layers: the station-cen-
tric decision layer (SL) and the vehicle-centric deci-
sion layer (VL). The SL includes the station-centric 
controller, to which all small cell BSs are connected 
via fiber. The station-centric controller is in charge of 
determining the total amount of power to be trans-
mitted by each small cell BS based on the channel 
state information (CSI). The VL is close to vehicles, 
and includes vehicle-centric controllers embedded 
with small cell BSs. The vehicle-centric controller allo-
cates the determined total amount of power among 
the data streams to its associated vehicles and deter-
mines the interference cancellation order of each 
associated vehicle according to CSI. The resulting 
power allocation is used to configure the encoder 
at the transmitter of a small cell BS, and the resulting 
interference cancellation order facilitates the decoder 
at each associated vehicle.

In what follows, we first describe the power 
control, which is performed in the SL for the opti-
mal power allocation among small cell BSs. After 
that, we describe the power control, which is 
done in the VL for allocating the transmit power 
previously assigned to small cell BS s among all its 
associated vehicles.

Power Control in SL
For the downlink NOMA-enabled 5G V-SCN, the 
optimal power allocation among small cell BSs can 
be impractical in each timeframe, since it requires 
exponential computational complexity due to the 
complicated interference coupling between small 
cell BSs. Therefore, we develop a low-complexity 
near-optimal power allocation based on the idea of 
successive convex approximation. The station-cen-
tric controller performs three key ingredients at 
each iteration k as follows:

1. Form the k-th approximated problem of the 
weighted sum station data rate based on the 
successive convex approximation around the 
power allocation Pt

(k–1) = (P1,t
(k–1), ⋅⋅⋅, Ps,t

(k–1), ⋅⋅⋅, 
PS,t

(k–1)) obtained at the (k – 1)-th iteration.
2. Solve the k-th approximated problem to 

obtain Pt
(l).

3. Increment k and go to step 1 until conver-
gence to a stationary point.

Power Control in VL
Every vehicle adopts the SIC receiver to decode 
the signals from its associated small cell BS. There-
fore, the vehicle-centric controller performs the 
greedy power control to maximize the data rate 
for its served small cell BS. The main operations at 
the vehicle-centric controller include the following 
two parts. The first one finds the best vehicle with 
the maximum ratio between channel gain and out-
of-cell interference among all vehicles in the foot-
print of a small cell BS. The second part transmits 
the data stream oriented to the best vehicle with 
the available transmit power of a small cell BS.

Simulation Verification
In this section, we evaluate the proposed scheme 
with two other baseline schemes: the maxi-
mum-power-based random association scheme 
(scheme 1 for simplification) and maximum-pow-
er-based best vehicle association scheme (scheme 
2 for simplification). Scheme 1 assumes that in 
each timeframe, every small cell BS randomly 
serves one vehicle in its footprint with the maxi-
mum transmit power. Scheme 2 assumes that in 
each timeframe, every small cell BS serves the 
best vehicle in its footprint using the maximum 
transmit power.

The networking parameters were suggested 
in a Third Generation Partnership Project (3GPP) 
LTE document [15]. Table 1 presents all simula-
tion parameters adopted. We use Clarke’s model 
to generate the fading level, and the coherence 
time of channel fading is larger than 4 ms due 
to the fact that maximum vehicle velocity is 60 
km/h. Suppose that the changes in the fading 
level occur relatively slowly during one timeframe, 
and thus we set the length of the timeframe to 

FIGURE 3. One NOMA-enabled 5G V-SCN topology.
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TABLE 1. Simulation parameters.

Simulation parameters Value choice

Carrier frequency 2000 MHz

Bandwidth 20 MHz

Path loss model
(128.1 + 37.6log10(d))dB

(d in km)

Fading model Rayleigh fading

Noise power spectral density –174 dBm/Hz

Range of maximum transmit power
of small cell BSs

250 mW ~ 2 W

Small cell radius 100 m ~ 300 m

Maximum vehicle velocity 60 km/h

Timeframe length 1 ms
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be 1 ms, which implies the station-centric con-
troller and vehicle-centric controllers are allowed 
to dynamically update the vehicle association via 
power control per millisecond.

Figure 3 shows the NOMA-enabled 5G V-SCN 
topology used for performance evaluation. Twelve 
small cell BSs are uniformly distributed along with 
two sides of 1000 m linear road, in which the 
distance between any two neighboring small cell 
BSs at the same side is 150 m. A dynamic num-
ber of vehicles are moving on four two-way lanes 
for 100,000 timeframes (i.e., 100 s). The arriving 
model of vehicles is assumed to be a Poisson pro-
cess with the arriving rate being one vehicle per 
second at each direction, and each arriving vehicle 
is assumed to uniformly select a lane.

Two types of network-wide utilities are consid-
ered in the simulation: the proportional fairness 
utility (i.e., Us(

–Rs) = log –Rs for all s) and the weight-
ed sum-rate across small cell BSs (i.e., Us(

–Rs) = ws 
Rs for all s. The weight ws is uniformly chosen 
in [0,1]. Three different analyses are performed 
to evaluate the performance of the proposed 
scheme:
•	 The obtained network-wide utility. This is the 

network-wide utility obtained up to time t.
•	 The total power consumption. This is the 

total power across small cell BSs consumed 
at time t.

•	 The service time. This is the total time that 
each vehicle is associated with one small cell 
BS, which is averaged on all vehicles up to 
time t. The service time can be used to eval-
uate the handover rate, and more service 
time implies lower handover rate.
Figure 4 shows the system performance 

obtained when the three schemes are applied 
to the NOMA-enabled 5G V-SCN in Fig. 3 for 
maximizing the proportional fairness. We can 
see from Fig. 4a that the proportional fairness 
obtained by the proposed scheme can approach 
that obtained by scheme 2 after a certain time 
(e.g., 70 s). Furthermore, the proposed scheme 
always outperforms the other two schemes in 
terms of total power consumption and service 
time. This implies that compared to the other two 
schemes, the proposed scheme can achieve high-
er energy efficiency and lower handover rate for 
the NOMA-enabled 5G V-SCN.

Figure 5 shows the system performance 
obtained when the three schemes are applied to 
the NOMA-enabled 5G V-SCN in Fig. 3 for max-
imizing the weighted sum-rate across small cell 
BSs, respectively. We can see that the proposed 
scheme always outperforms the other two schemes 
in terms of weighted sum-rate, total power con-
sumption, and service time. Specifically, the pro-
posed scheme can at least improve the weighted 
sum-rate by 16 percent, reduce the total power 
consumption by 10 W, and increase the service 
time by 17 percent in comparison with scheme 
2. Therefore, the proposed scheme is preferable 
for spectrum and energy efficiency and infrequent 
handover of NOMA-enabled 5G V-SCNs.

Conclusion and Future Work
We have introduced the NOMA-enabled 5G 
V-SCN to enhance the spectrum and energy effi-
ciency in vehicular communications. Furthermore, 
a mobility-aware cell association solution has 

been proposed that can adapt to the traffic load 
conditions in the small cells and the fast vehicle 
mobility. The proposed solution addresses two 
challenges of NOMA-enabled 5G V-SCNs:
•	 Severe co-channel interference among con-

current transmissions
•	 Frequent handovers among small cells

For interference management, the NOMA 
scheme has been applied to the 5G V-SCN, with 
which some of the co-channel interference can 

FIGURE 4. The system performance obtained when the proportional fairness 
utility is considered for the scenario in Fig. 3, where schemes 1 and 2 repre-
sent the maximum-power-based random association scheme and the maxi-
mum-power-based best vehicle association scheme, respectively.
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be eliminated by the SIC receiver. To tackle the 
handover issue, the NOMA-enabled 5G V-SCN 
has employed a mobility-aware cell association 
mechanism that avoids excessive handovers by 
accounting for the long-term system-wide perfor-
mance.

Although this article provides the initial step 
toward 5G V-SCNs, there are still many open 
issues that deserve in-depth investigations.

Deployment of small cells: With the ultra 
dense deployment of small cells, moving vehicles 
are more likely to join vehicular wireless networks. 
However, more spectral resources and more fre-
quent handovers are required to guarantee the 
QoS of individual vehicles due to the severe 
co-channel interference. Therefore, it is of practi-
cal meaning to take into account the deployment 
density of small cells for improving the spectrum 
efficiency and reducing the handover rate.

Cell association: Due to the emerging mobile 
data services in vehicular networks, the existing 
cell association schemes such as channel-aware, 
traffic-load-aware, and transmit-power-aware 
schemes may be highly suboptimal and require 
excessive handovers. New cell associations are 
therefore necessitated that perform cell hando-
vers by accounting for the mobility issue, including 
handover frequency, handover delays, backhaul 
variations, and network dynamics in addition to 
traffic load and channel conditions.

Resource allocation: Adaptive resource allo-
cation solutions should be developed to improve 
the spectrum efficiency and energy efficiency 
of NOMA-enabled 5G V-SCNs. 5G V-SCNs are 
much more dynamic than conventional small 
cell networks. From the operators’ perspective, 
the resource allocation among small cells should 
be efficiently adjusted according to the vehicle 
locations, channel conditions, and traffic load per 
small cell. This will efficiently utilize resources, 
such as power, time slots, and frequency bands, 
while achieving satisfactory QoS requirements.

Multiple access: To serve multiple vehicles on 
the same frequency-time resource in the downlink 
V-SCN, new promising multiple access schemes are 
inevitable. From the operators’ perspective, employ-
ing new multiple access technologies to serve 
massive vehicle applications using the same time-fre-
quency resource could be more attractive than 
using multiple sets of channels due to the limited 
frequency-time resource. With such multiple access 
technologies, efficient interference cancellation 
techniques are necessitated to avoid the co-channel 
interference among concurrent applications. Cor-
respondingly, more advanced receiver design and 
antenna systems should be further developed.

Backhaul solution: To support the massive 
backhaul transmission from small cell BSs or the 
core network, provisioning of efficient and eco-
nomical backhauling solutions for NOMA-en-
abled 5G V-SCNs is imperative. The backhaul 
requirements in NOMA-enabled 5G V-SCNs may 
significantly vary depending on the locations of 
small cells, the cost of implementing backhaul 
connections, the traffic load intensity of small 
cells, the vehicle mobility, and the delay toler-
ance and target QoS requirement of vehicles. As 
such, backhaul solutions adaptive to the backhaul 
requirements aree critical to overcome the back-
haul bottleneck in NOMA-enabled 5G V-SCNs.

NOMA for V2V communications: In addition 
to V2I communication, vehicle-to-vehicle (V2V) 
communication is another promising V2X com-
munication technology in vehicular networks that 
enables vehicles to communicate with one another 
in an ad hoc manner. Usually, an ad hoc network 
based on 802.11p is exploited as the traditional 
solution for V2V communications. However, this 
leads to inefficient spectrum utilization due to mas-

FIGURE 5. The system performance obtained when the weighted sum-rate utility 
is considered for the scenario in Fig. 3, where schemes 1 and 2 represent 
the maximum-power-based random association scheme and the maxi-
mum-power-based best vehicle association scheme, respectively.
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sive co-channel collisions. Therefore, serving multi-
ple V2V links on the same time-frequency resource 
is more attractive for enhancing spectrum efficien-
cy. With NOMA for vehicles, it is very useful to 
explore the co-channel interference mitigation 
technology to accommodate more vehicles.
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For interference management, the NOMA scheme has been applied to the 5G V-SCN, with which some of 
the co-channel interference can be eliminated by the SIC receiver. To tackle the handover issue, 

the NOMA-enabled 5G V-SCN has employed a mobility-aware cell association mechanism that avoids 
excessive handovers by accounting for the long-term system-wide performance.


