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Abstract—Industrial applications such as closed-loop control
require communication systems which provide low latency and
high reliability. Current wireless communication systems are
not able to fulfill all strict requirements posed by industrial
applications. Multi-Connectivity (MC), i.e. using multiple com-
munication paths at the same time, is a promising measure
to enhance latency and reliability of wireless communication
systems. Different scheduling schemes, i.e. Load Balancing (LB),
Packet Duplication (PD) and Packet Splitting (PS), can be utilized
to distribute packets over multiple paths. After having identified
the impact of link homo- and heterogeneity, SNR regime and link
correlation in previous work, the impact of network load and
capacity on the different MC scheduling schemes is evaluated in
this paper. Measurements in private LTE and WiFi 802.11ac
networks are performed for different number of users. Our
evaluations support that network load and capacity have a strong
impact on latency and reliability performance of MC scheduling
schemes. In low load scenarios, PD or PS achieve the best
performance, for scenarios with low link correlation and high
link correlation, respectively. In scenarios where the network
load is close to the capacity limit on the other hand, LB provides
the lowest latency and highest reliability. The capacity limit in
the multiple user scenario strongly depends on the channel access
scheme and its ability to deal with increasing number of users.
The insights gained in this work can be used to develop dynamic
MC schedulers that adapt the MC scheduling scheme based
on SNR regime, link correlation and network load in order to
achieve low latency and high reliability in scenarios with varying
radio and network conditions.

Index Terms—Multi-Connectivity, URLLC, reliable low-
latency communications, HetNets

I. INTRODUCTION

Emerging applications like vehicular communications or

wireless industrial control require wireless communication

systems that are able to fulfill strict latency and reliability

requirements. Currently available wireless communication sys-

tems cannot fulfill all of these requirements [1] and the features

incorporated in the already published Release 15 of 5G are

not able to fulfill all ultra-reliable low-latency communications

(URLLC) requirements [2]. A promising approach to improve

latency and reliability of communication systems is Multi-
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Fig. 1: Multi-connectivity basic scheduling categories on the

transmitting node.

Connectivity (MC), i.e. using multiple communication paths

at the same time.

In previous work [3] three basic scheduling schemes for

distributing packets over multiple paths have been identified,

which are displayed in Figure 1. For packet duplication (PD)

the original packet is sent over one link and a duplicated

version of the packet is sent over the second link. The

packet that arrives first at the receiving node is forwarded

to the application. This can potentially reduce latency and

increase reliability. With load balancing (LB) the packets are

distributed over multiple paths, such that the load on each path
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is reduced compared to a single connectivity solution. The

goal is to reduce queuing and access latency. When packet

splitting (PS) is applied, the payload is split into fragments

and each fragment is transmitted over a different path. The

receiving node has to wait for both fragments of the packet and

reassemble them before forwarding the complete packet to the

application. The idea here is to reduce the transmission latency

by sending a lower number of payload bits on each path. In

previous work it has been identified that homogeneous paths

are beneficial for all three scheduling schemes [4] and that

the correlation between the communication paths in terms of

latency and reliability has a strong impact on the performance

of the scheduling schemes [5]. Link heterogeneity is expressed

in this work by the relation of mean and variance of latency

among the different links. Link correlation describes how

latency and packet loss among the different links are related

in time. Reasons for link correlation can be common sources

of interference that affect multiple links or correlated physical

channels. A low link correlation is beneficial for PD, while for

PS scenarios with high link correlation are preferable. Also,

the effect of the signal-to-noise ratio (SNR) regime on the

scheduling schemes was evaluated [4]. For the evaluated single

user scenario in low SNR regimes, PS and LB outperform PD,

but also PD shows a higher gain compared to high SNR regime

scenarios.

In this paper measurements with multiple users were con-

ducted in a private LTE and WiFi networks to evaluate the

effect of network load, capacity limit and access scheme on the

different MC scheduling schemes. The network load is defined

as the amount of data send into the network and network

capacity limit is defined here as the maximum achievable

throughput in optimal conditions, i.e. single user operating in

high SNR regime. The MC scheduling schemes are applied

on Application Layer and are thus technology-neutral. The

insights gained from this work can be applied to technology-

specific MC schemes like Multi-Radio Dual-Connectivity on

Packet Data Convergence Protocol Layer [6] in 3GPP Release

15 or into the ”multi-link operation” concepts which are

currently discussed as one of the main features in the IEEE

802.11 task group for 802.11be (the successor of WiFi 6)

[7]. The rest of this paper is structured as follows: Section

II distinguishes our findings from related work. In Section III

the testbed and measurement scenarios are described. Results

for the measurements of 802.11ac and LTE and emulation

results for different MC schemes are discussed in Section IV.

A summary of effects, i.e. link homogeneity, link correlation,

SNR regime and network load, on the different MC scheduling

schemes gathered in this and previous work is presented in

Section V. Our findings are concluded and future work is

outlined in Section VI.

II. RELATED WORK

Latency measurements in public LTE networks were carried

out in [8], [9], [10] and [11]. Due to the nature of a public net-

work no information about load conditions in the network dur-

ing the time of the measurements was provided. Pocovi et al.

evaluate the influence of the discontinuous reception cycle and

the uplink (UL) scheduling scheme on the one-way delay in

small cell LTE networks in a single user scenario [12]. Latency

in WiFi networks was experimentally evaluated on Application

Layer in [13] for 802.11ac and in [14] a layer-by-layer delay

analysis was carried out. Both studies perform measurements

in environments with uncontrolled background interference.

The authors of [14] summarize access and transmission delay

which accrue when the packet is passed to the WiFi driver

to the channel transmission delay. This delay constituted the

major delay component in the measurements [14], while all

higher layer delays were much smaller. In contrast to existing

work on LTE and WiFi latency performance measurements,

in our work measurements were conducted in a scenario

without interference or traffic of non-controlled entities and

measurements for different number of active clients were

carried out.

In [14] PD over two WiFi channels with uncontrolled

interfering WiFi networks was evaluated for virtual reality

applications with high data rates. PD showed to reduce high

latencies caused by the interference from alien WiFi networks.

Nielsen et al. [15] introduce a combined latency and reliability

metric. They evaluate PD and PS over a public LTE, a public

HSPA and a campus WiFi network with unknown traffic load.

In [16] simulations with 5G DC with PD are carried out for

low and high traffic load scenarios. A machine learning based

approach for enabling and disabling PD based on reference

signal received power (RSRP) values of the different base

station (BS) shows lower outage probability compared to an

”always on” PD approach in high load scenarios. In low

load scenarios the ”always on” PD approach shows higher

reliability [16]. A comparison of Transport Layer protocols

with LB scheduling techniques was carried out in [17]. MP-

TCP with shortest round trip time (RTT) and CMT-SCTP

with round robin scheduling are evaluated over a public WiFi

network and a public 3G network for video and web traffic.

The authors state that homogeneous links would be beneficial

and identify the need to develop new schedulers with focus

on latency performance. In [18] schedulers for MP-TCP are

evaluated based on their latency performance and adaptations

to state-of-the art MP-TCP schedulers are proposed. The focus

is on web applications, i.e. in multiple hop networks with

less stringent latency requirements. Vu et al. [19] evaluate

MP-TCP schedulers for vehicular applications with latency

deadlines. They propose an adaptive version of PD to not

only reduce tail, but also the mean latency, by controlling

the sending gap between the slower and the faster sub-flow.

The evaluation is performed via emulations over links with

artificial link capacity, delay and packet loss rate (PLR). In

contrast to the existing work on MC scheduling schemes,

our work presents an evaluation of different MC scheduling

schemes in a controlled wireless network with varying number

of users. To the best of our knowledge this is the first work that

evaluates the effect of network load, capacity limit and access

scheme on latency and reliability performance of different

MC scheduling schemes. Also, the scheduling schemes are

74



Fig. 2: Testbed architecture.

Feature Wi-Fi LTE

Frequency Band 5230-5250 MHz FDD: 2500-2520 MHz and 2620-2640 MHz
MAC Layer Retransmissions enabled HARQ enabled

Transmit Power 17 dBm 20 dBm
Rate Adaptation enabled enabled

Standard IEEE 802.11ac 3GPP Rel. 14
Network Interface Card Intel ax200 Sierra Wireless AirPrime EM7565 (Rel. 11 compliant with subset of 12 and 13)

MIMO 2x2 DL: 2x2 UL: 1x2

TABLE I: WiFi and LTE specific parameters.

applied on Application Layer over UDP connections such that

solely the scheduling schemes without interaction with e.g.

congestion control mechanisms are evaluated.

The IEEE task group that is working on the 802.11be

standard is currently discussing ”multi-link operation” as one

of the main features of the upcoming standard [7]. Most

proposals discussed in the task group propose to use LB to

improve latency performance, e.g. [20]. Also, PD is under

discussion for latency reduction and reliability improvement

[21]. In 3GPP Carrier Aggregation (CA) was specified in

Release 10 [22], DC was included in Release 12 [23] and

LTE-WiFi Aggration (LWA) was specified in Release 13 [24].

All three define the use of LB, CA on MAC Layer and DC

and LWA on PDCP Layer. In [25] the need for dynamic

activation and deactivation of PD for MR DC approaches is

identified. In Release 15 MR DC on PDCP Layer [6] was

standardized, which apart from LB scheduling also includes

PD as an option. Access traffic steering, switching and splitting

(ATSSS) is discussed in Release 16 to support simultaneous

access to 3GPP and non-3GPP networks [26]. Since our

evaluation is performed on Application Layer over both LTE

and WiFi links, the insights gained from our evaluations are

valuable for both IEEE and 3GPP standardization efforts of

MC approaches. Both standards offer or discuss to offer the

possibility to use different MC scheduling schemes, but to the

best of our knowledge proposals for an adaptive scheduler that

varies different MC scheduling schemes are missing so far.

III. MEASUREMENT METHODOLOGY

In order to evaluate the latency and reliability performance

of a local WiFi and a private LTE network and to record traces

for the emulation of MC scheduling schemes the testbed in

Figure 2 was used. The WiFi AP is 802.11ac certified (Cisco

Catalyst C9120AXI-E) and the LTE radio is 3GPP Release

14 compliant. The LTE network uses 2x20 MHz for FDD

operation and the WiFi network is configured to utilize a

channel bandwidth of 20 MHz. Since only one direction is

measured at a time, basically the same bandwidth is used by

the two technologies. Both, the LTE and WiFi system, are

operating in exclusive spectrum; the LTE system is placed in

a licensed frequency band and the WiFi system operates in a

20 MHz channel in the 5 GHz band that is not used by other

WiFi networks. For the LTE network persistent UL scheduling

was configured, with a prescheduling period of 1 ms and

2000 Byte prescheduling size. All other specifications are

displayed in Table I. Both technologies use 2x2 multiple input

multiple output (MIMO). For WiFi the technology is available

in both directions, but the LTE modem only supports MIMO in

downlink (DL) direction. AP and LTE evolved packet core are

connected to the server via Ethernet over an Ethernet switch.

This backbone network adds about 0.25 ms delay. As clients

fitlet2 mini-PCs [27] equipped with WiFi network interface

card and LTE modem as specified in Table I were used.

The server and fitlet are time-synchronized with precision

time protocol (PTP) over a separate Ethernet connection in

order to enable one-way latency measurements. The quality of

the time synchronization was checked every second and the

measurement was repeated if the time drift exceeded 0.1ms

during the measurement. We note that for measurements with

larger number of users a PTP hardware timestamping capable

switch would be desirable. A modified version of RUDE &

CRUDE [28] was used as traffic generator and measurement
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(a) LTE and 802.11ac DL (b) LTE and 802.11ac UL

Fig. 3: ECDF of latency with logarithmic scale comparing single WiFi and LTE link performance for different number of

users. The ECDF presents a combined latency-reliability metric as lost packets are assigned a latency of infinity.

[Mbps] Wi-Fi LTE

UL 95 60
DL 120 160

TABLE II: Maximum throughput obtained by Iperf measurements with single user in line-of-sight to BS and AP.

tool. Rude generates constant bit rate UDP traffic with specific

payload size and inter packet gap (IPG). Additionally, a second

fitlet with its WiFi interface in monitor mode was placed

close to the clients and used as a sniffer to analyze the

transmitted WiFi packets and ensure that no interfering WiFi

traffic is transmitted on the channel during the time of the

measurements.

The measurement scenarios for the results presented in this

paper consisted of up to five nodes all in line-of-sight to

the BS and AP. The nodes operate in an RSSI range from

-50 dBm to -40 dBm and the LTE modems report an SNR

of >30 dB, so all nodes operate in high SNR regime. For

each scenario 100.000 packets were measured. A payload

size of 1400 Byte and an IPG of 1 ms were applied, which

were identified as suitable for conventional industrial control

use case by 3GPP [29]. This results in a per-user throughput

of 11.2 Mbps. In a next step after the measured traces were

recorded, the three different MC scheduling schemes were

emulated based on the traces. The emulator uses measured

traces for two links with reduced payload size for PS and

with reduced IPG for LB, while for emulating PD two links

with the actual payload size and IPG are fed into the emulator.

Emulations were performed for a scenario with heterogeneous

links, i.e. LTE-WiFi, and homogeneous links, i.e. WiFi-WiFi

and LTE-LTE. For homogeneous links two scenarios were

differentiated: Homogeneous correlated links, where the same

measured traces were used for both links in the emulator and

thus a correlation factor of 1 was achieved, and homogeneous

uncorrelated links, where traces measured in the same setup

but in two separate measurements were used in the emulator

to create a scenario with low link correlation, i.e. a correlation

factor below 0.1 was achieved.

IV. EXPERIMENTAL RESULTS

In this section measurement results for 802.11ac and LTE

local networks are discussed and emulation results for the

different MC scheduling schemes are presented. Applications

that need reliable low latency communications often define

their requirements in terms of a latency deadline that needs

to be reached with at least a certain probability. Therefore

all results are evaluated in terms of a combined latency and

reliability metric, where lost packets are assigned a latency

of infinity. The latency and reliability performance of a single

LTE and of a single 802.11ac link for different number of users

is displayed in Figure 3. For LTE in DL the 90% latency,

i.e. the latency deadline that can be met by at least 90%

of packets, increases only slightly with more users, but the

99.99% latency increases significantly. In LTE UL the 99.9%

latency stays fairly constant for up to three users, but for five

users even the 90% latency increases significantly. This is

because for five users the capacity limit of 60 Mbps is nearly

reached and the prescheduling mechanism cannot reserve a

prescheduling block for every user every 1ms. For 802.11ac

the higher number of users also has a stronger effect in UL

than in DL. In DL the scheduling is done in the AP, while

in UL the stations need to compete for the channel access

using the carrier sense multiple access collision avoidance

(CSMA CA) scheme which results in a higher latency with

increasing number of users. An increasing number of latency
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(a) 802.11ac DL, 1 User, Correlated Links (b) 802.11ac DL, 5 Users, Correlated Links

Fig. 4: ECDF of latency with logarithmic scale comparing single 802.11ac links performance and different MC scheduling

schemes over homogeneous correlated links in DL. The ECDF presents a combined latency-reliability metric as lost packets

are assigned a latency of infinity.

(a) LTE UL, 1 User, Uncorrelated Links (b) LTE DL, 1 User, Uncorrelated Links

Fig. 5: ECDF of latency with logarithmic scale comparing single LTE links performance and different MC scheduling schemes

over homogeneous uncorrelated links for one user. The ECDF presents a combined latency-reliability metric as lost packets

are assigned a latency of infinity.

outliers can be observed in both UL and DL for increasing

number of users. In general, 802.11ac provides lower latency

with higher reliability in scenarios with single or few users,

while for five users LTE latency proved to be slightly more

stable in both UL and DL. The throughput capacity limit

of the two technologies in UL and DL were evaluated with

Iperf measurements with a single user in high SNR regime, as

displayed in Table II. The LTE throughput in UL of 60 Mbps

is much lower compared to 160 Mbps in DL. This is because

the modem only supports MIMO operation in DL and also in

UL the maximum usable modulation is 64-QAM, while in DL

up to 256-QAM is possible. In WiFi MIMO is supported in

both directions, which results in fairly similar throughput in

UL and DL.

The three MC scheduling schemes are compared in different

scenarios with different number of users in order to evaluate

the effect of network load, capacity and access scheme on

the different MC scheduling schemes. As already identified

in previous work homogeneous links are beneficial for all

MC scheduling schemes as links that are too heterogeneous

in terms of their latency and reliability distributions reduce

the gain of all three MC scheduling schemes significantly [4].

This is why the results for MC over heterogeneous links will

not be discussed here. Instead the focus lies on two scenarios:

Correlated homogeneous links and uncorrelated homogeneous

links. The correlation among the utilized links has a strong

impact on the performance of the different MC scheduling

schemes as identified in previous work [5], therefore this
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(a) 802.11ac UL, 5 Users, Uncorrelated Links (b) 802.11ac DL, 5 Users, Uncorrelated Links

(c) LTE UL, 5 Users, Uncorrelated Links (d) LTE DL, 5 Users, Uncorrelated Links

Fig. 6: ECDF of latency with logarithmic scale comparing single links performance and different MC scheduling schemes over

homogeneous uncorrelated links for five users. The ECDF presents a combined latency-reliability metric as lost packets are

assigned a latency of infinity.

differentiation is needed.

The results for the emulation of the different MC scheduling

schemes in the correlated scenario with homogeneous links

are displayed in Figure 4 exemplary for 802.11ac in DL. As

the observed trends in the correlated scenario are similar for

all cases, i.e. also for 802.11ac UL, LTE DL and LTE UL,

only 802.11ac DL results are presented here as an example.

The curves of PD superimpose the curves of both WiFi links.

Because of the high correlation factor, PD achieves no gain as

whenever the latency on one link increases the latency on the

second link also increases. In the single user scenario only PS

reaches latency reduction compared to the single WiFi links,

as PS reduces the transmission latency on each link and thus

the overall latency. We note that this gain would be higher if

the receiver would be operating in a lower SNR regime and

thus transmitting with a lower rate. In the multiple user case on

the other hand LB outperforms PS. The throughput on each

link is the same for LB and PS. In case of PS the payload

size per link is reduced, but the number of packets and thus

channel accesses per link stays the same. For LB on the other

hand the number of packets per link is reduced, which in case

of multiple users in the network has a positive effect on access

and queuing latency.

The results obtained in the scenario with uncorrelated homo-

geneous links are displayed in Figure 5 for two uncorrelated

LTE links for a single user. In this single user scenario

with uncorrelated links PD outperforms all other scheduling

schemes. The reason for this is the low load in the network and

also the high SNR regime that the node is operating in which

result in reduced effect of LB and PS, respectively. As the

trend is the same for 802.11ac, the results for the single user

scenario are not displayed here. In Figure 6 the results for the

uncorrelated scenario with five users are presented. In LTE DL

PD shows the highest reliability also in the five user scenario.
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Evaluated Effect Low Value Beneficial High Value Beneficial

Link Homogeneity - for PS, LB and PD
Link Correlation for PD for PS

SNR Regime for PS and LB for PD
Network Load for PD and PS for LB

TABLE III: Summary of evaluated effects and their impact on the different MC scheduling schemes.

The reason for this is that in LTE DL the network load is

far from the capacity limit for the five user case and the DL

scheduling in the BS seems to scale up well with increasing

number of users. Therefore LB is not very beneficial. For PS

the uncorrelated links are disadvantageous as it needs to wait

for the fragments from both links. Therefore it even performs

worse than the single links in the five user scenario. In LTE

UL on the other hand PD is the best option in the single

user scenario, but in the multiple user scenario with five users

LB performs better in terms of mean and up to the 99%

latency. PD outperforms LB only in the high reliability regime.

In UL the LTE capacity for a single user in the high SNR

regime is about 60 Mbps. With five users this capacity limit is

nearly reached such that the prescheduling mechanism cannot

assign resources to every user every 1ms, which results in

higher latency. With LB this access and queuing latency can

be reduced. For 802.11ac in DL the effect is similar as for

LTE in UL, LB can outperform PD up to 99% reliability. For

802.11ac in DL the scheduling is performed by the AP and

since there are no other WiFi networks present in the channel

the measurements were conducted in, the AP does not need to

compete for the channel with anyone else. The difference to

LTE in DL is that the LTE DL scheduler can assign resources

on a time slot basis, while the WiFi AP transmits one frame

to one user at a time. This explains why 802.11ac DL is not

scaling up as well as LTE with increasing number of users in

terms of latency performance. In 802.11ac UL the clients need

to compete for the channel with the CSMA CA access scheme.

Even though the capacity limit for a single user of about

120 Mbps is not reached with five users, the latency increases

drastically for this distributed channel access scheme. This is

why the LB scheduling scheme is able to outperform PD for

all reliability regimes. All in all, LB provides lower latency

and higher reliability when the network load is close to the

capacity limit. We note that the capacity limit in the single user

case is not representative for the multiple user case, where the

ability of the access scheme to deal with increasing number

of users strongly influences the capacity limit.

V. SUMMARY OF EVALUATED EFFECTS ON MC

SCHEDULING SCHEMES

In this paper and in previous work the impact of varying

radio and network conditions on the different MC scheduling

schemes has been evaluated. A short summary of the outcome

of these evaluations is presented in Table III. Link homo-

geneity was proven to be beneficial for all three scheduling

schemes. The correlation of link latency and reliability among

the utilized communication links proved to have a strong

impact on MC scheduling scheme performance. Scenarios

with low link correlation were beneficial for PD, while it had

a negative impact on PS, where the receiving node has to

wait for all fragments sent on the different links. In scenarios

with highly correlated links on the other hand, the gain of

PD is drastically reduced, while the high correlation factor is

beneficial for PS. The link correlation had no impact on the

implemented LB scheme. LB was implemented in terms of a

simple round robin scheme without reordering here. Schemes

which include reordering mechanisms, such as scheduling

schemes included in MP-TCP, will presumably experience

negative effects in case of highly uncorrelated links. When the

receiving node is operating in a low SNR regime, typically

PS and LB offer better performance than PD. In this work

the impact of the network load was evaluated and proved

to strongly influence the latency and reliability performance

of MC schemes: in the low network load scenarios PD and

PS offered the best performance in case of low and high

link correlation, respectively, while LB outperformed all other

scheduling schemes in high load scenarios. The knowledge

of all these effects can now be used to develop dynamic MC

scheduling schemes which adapt their scheduling mechanisms

based on the current or predicted radio and network conditions.

VI. CONCLUSION

In this work the effect of network load and capacity on

latency and reliability performance of different MC scheduling

schemes, i.e. Load Balancing (LB), Packet Splitting (PS)

and Packet Duplication (PD), was evaluated. Measurements

were performed in a private LTE and local 802.11ac network

scenario and the number of users was varied. The results

were evaluated in terms of a combined latency and reliability

metric. WiFi provided better performance than LTE for smaller

number of users in terms of both mean and percentile latency,

while the LTE latency proved to be slightly more stable in

the high reliability regime for a scenario with five users. The

evaluation of the MC scheduling schemes supports that the

network load has a strong impact on performance of the

scheduling schemes. In cases of low load, PS showed the

slightly better performance in scenarios with high link correla-

tion, while PD offered lowest latency and highest reliability in

scenarios with low link correlation. In cases where the network

load is close to the capacity limit on the other hand, LB

offers the lowest latency and highest reliability for both low

and high link correlation. The network capacity in scenarios

with multiple users strongly depends on the capability of the

access scheme to deal with increasing number of users. The

insights about the impact of link correlation, SNR regime
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and network load and capacity on the performance different

MC scheduling schemes can be used to develop an adaptive

MC scheduler. The scheduler should adapt the scheduling

scheme based on the scenario and/or select the links to be

used for MC operation. These adaptation mechanisms could

be valuable for MC implementations in future 5G or 802.11be

networks to enhance latency and reliability performance. As

future direction of research, we plan to further develop an

analytical model for MC to optimize the scheduling decision.

Also, when suitable equipment is available measurements with

802.11ax and 5G small cell networks would be valuable to

evaluate the latency and reliability performance of the next

generation of wireless networks.
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