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Abstract— With the development of the Internet, the
number of users on mobile devices is increasing. However,
mobile networks have a poor performance because of high
round-trip time (RTT) variations. Much research has been
conducted to overcome this, including active research on
transport layer protocols. Google proposed a new transport
protocol called QUIC and demonstrated that QUIC
outperforms TCP in the real world. Furthermore, research on
the multipath extension of QUIC (MPQUIC) is also being
actively conducted. However, MPQUIC has poor performance
in networks with high RTT variations caused by the weakness
of the loss detection algorithm. In this paper, we improved the
performance of MPQUIC by modifying MPQUIC’s time-based
loss detection algorithm. We confirmed that the download
completion time decreased by 55.5% compared with the original
MPQUIC.
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L.

The Internet is constantly evolving. In recent years, not
only wired network technologies, but also wireless network
technologies have advanced and brought convenience to
daily life. Accordingly, the usage rate of mobile devices is
increasing. According to a CISCO report [1], more than 70%
of the world’s population will use mobile networks by 2023.
However, the high round-trip time (RTT) variation caused by
high-speed movement, obstacles, signal interference by other
wireless media, etc. degrades the performance of mobile
networks. Much research is being conducted to solve these
problems, for which the development of transport layer
protocols is essential.

QUIC [2] is a transport protocol proposed by Google in
2012 to provide fast Internet services and adopted as a
standard in 2021. According to a paper [3] published by
Google, QUIC has been applied to many applications such as
Chrome and YouTube, and accounted for more than 7% of
global traffic as 0f 2017. In the same paper, Google stated that
QUIC reduces search latency by 8% on desktop and 3.6% on
mobile compared with TCP. Furthermore, research on the
multipath extension of QUIC (MPQUIC) started in 2017 [4].
As of 2023, several drafts of MPQUIC have been proposed
[5-8].

However, MPQUIC is still an early-stage protocol and is
not mature enough to completely replace TCP and MPTCP.
Particularly, MPQUIC performs poorly in mobile networks
with high RTT variations. In environments where RTT is
easily changed, frequent packet reordering occurs because the
packet’s transmission time is not constant. For reliable data
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transmission, the endpoint waits until the reordered packet
arrives or considers it a loss and retransmits the packet.
Compared with MPTCP, MPQUIC cannot cope effectively
with packet reordering [9], resulting in lower performance in
RTT variable networks such as Wi-Fi and LTE.

In this paper, we proposed Dynamic-MPQUIC (D-
MPQUIC) to improve the performance of MPQUIC in
environments with high RTT variations. We also compared
and evaluated the performance of the original MPQUIC.

The remainder of this paper is structured as follows.
Section II covers the background of the loss detection method
of MPQUIC and related research on QUIC in dynamic
networks. Section III provides a description of the D-
MPQUIC. In Section IV, we set up various environments
using an emulator to measure and assess the performance of
our proposed method. Finally, in Section V, we summarize
and conclude the paper.

II. BACKGROUND

A. QUIC and MPQUIC

QUIC is a transport layer protocol that improves HTTP
performance and enables fast connection setup and secure
communication. Accordingly, the QUIC has several features
that differentiate it from TCP. Explaining all of those
characteristics is beyond the scope of this paper, so we briefly
explain only the characteristics necessary to understand this

paper.

Congestion Control: QUIC can use the congestion
control algorithm used in TCP. The congestion control
algorithm is divided into a slow start phase and a
congestion avoidance phase. In the slow start phase, the
congestion window starts from a Maximum Segment
Size (MSS) of 2; when the sender receives an
acknowledgment (ACK) frame, the congestion window
is increased by the number of bytes of the acknowledged
packet. Furthermore, when a packet loss or RTT increase
is detected, QUIC ends the slow start phase and starts
the congestion avoidance phase. This enables the
endpoint to reach the maximum available bandwidth
quickly. In the congestion avoidance phase, QUIC uses
NewReno [10] by default, but other congestion control
algorithms such as CUBIC [11] and BBR [12] can be
used in context.

Loss Detection: QUIC, like TCP, detects loss based on
the acknowledgment of the packet. There are two
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available methods. The first method uses the packet
reordering threshold. If the sender receives ACKs for
subsequent packets while the previous packet is not
acknowledged, the unacknowledged packet is declared
as lost and retransmitted. In this case, there is a tolerance
for packet reordering, which is called the packet
reordering threshold. In general, the threshold value is 3.
A timer called Probe Time Out (PTO) is set separately
to detect tail loss. When an ACK frame does not arrive
within the timeout, the sender doubles the timer
considering link congestion and transmits two probe
packets. If the ACK of the tail packet does not arrive
until the ACKs of the two probe packets arrive, the
packet is considered lost and retransmitted. The PTO is
determined as follows:

SRTT + max(4 X RTTyag, 1 ms) + 25 ms )]

The second method uses a time threshold. In this
case, the sender waits for an ACK for a certain period
after sending a packet. If the ACK does not arrive over
time, the packet is considered lost and retransmitted. The
sender does not trigger the PTO timer when the time-
based loss detection timer is running to avoid confusion
with the PTO timer. The time threshold is determined as
follows:

@

9
max (§ X max(SRTT, RTTygtese) , 1 ms)

Today's mobile devices have multiple network interfaces
to enable Wi-Fi and cellular networks. The IETF's Multipath
TCP Working Group developed Multipath TCP (MPTCP) to
enable the simultaneous use of multiple network interfaces of
an endpoint [13]. The use of multipath protocols such as
MPTCP offers several benefits, including high throughput
proportional to the number of subflows in use and robustness
of connectivity. Similarly, research on multipath extensions
for QUIC has been conducted since 2017 [4], and as a result,
several drafts of MPQUIC have been proposed [5—8]. One of
the factors that determines the performance of the multipath
transmission protocol is the packet scheduler. MPQUIC can
use the packet scheduler used in MPTCP [21-23], and the
packet schedulers for MPQUIC [14,15, 23-25] are also being
studied continuously.

B. Related Work

According to Arash et al. [16], in most cases in desktop
environments with a constant RTT, QUIC outperformed TCP
in terms of page load time. However, when loading a page
with a large number of small objects, TCP outperformed
QUIC. Even in environments with a jitter of approximately
10 ms, TCP outperformed QUIC in most scenarios
considered by the author.

Jawad et al. [17] evaluated the performance of QUIC in
terms of RTT variations and MAC layer frame aggregation in
Wi-Fi. According to the experimental results, QUIC does not
use the frame aggregation of the MAC layer, so its
performance is poor over Wi-Fi. Accordingly, the researchers
proposed Bursty QUIC. Bursty QUIC does not use packet
pacing and uses ACK_DECIMATION mode, which delays
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ACK until it receives up to 10 packets, to exploit MAC layer
frame aggregation. Through these changes, an approximately
30% throughput improvement was obtained over Wi-Fi
networks.

A subsequent study [18] by the same author proposed
BQUIC which is increased the time threshold used for loss
detection to improve QUIC’s performance in RTT-changing
networks. BQUIC improved throughput by 7% to 28%.
Furthermore, the authors confirmed that increasing the time
threshold does not adversely affect QUIC performance in
static networks.

In our previous study [27], we proposed D-QUIC to
improve the performance of QUIC in networks with variable
RTT. D-QUIC adds RTT variation to QUIC's loss detection
threshold, reducing file download time by up to 52%.

Research has also been conducted to improve MPQUIC’s
performance in dynamic networks using a scheduler. Hongjia
et al. proposed a machine-learning-based packet scheduler
called Peekaboo [15] to adapt to dynamic environments and
send packets on the appropriate path. Performance improved
by more than 30% compared with the conventional scheduler.

III. DYNAMIC-MPQUIC

In this section, we modify the loss detection scheme of
MPQUIC based on the previous studies introduced in Section
II. MPQUIC is slower than MPTCP in dynamic networks
with high RTT variations for two reasons. First, because of
RTT variations exceeding the threshold, the slow start ends
early and maximum available bandwidth cannot be utilized.
Second, packet reordering occurs. Both packet reordering and
time thresholds have some margin, so they are appropriate in
environments where packet reordering occurs less, such as a
wired network. However, in mobile networks where RTT
variations are severe because of handover, obstacles, and
signal interference, frequent reordering occurs that exceeds
the threshold. Therefore, even if the actual packet loss does
not occur, the loss is falsely determined, and spurious
retransmission occurs.

A previous study [18] solved this problem by increasing
the time threshold, adding fixed margin until a loss is detected.
However, this approach is not optimal because it increases the
time required to detect a loss in environments where many
actual losses occur. Furthermore, RTT variations above the
threshold can cause the same problems as described earlier.

In this paper, to solve the problem of MPQUIC, we apply
the loss detection scheme proposed in [27] to MPQUIC. We
call it D-MPQUIC. Specifically, we set the default loss
detection mode of MPQUIC to time-based loss detection and
changed the time threshold as follows.

9
max(g X max(SRTT, RT Tiqrest) + 4 X RTTy g, 1 ms) 3)

The initial RTTyar i (RT Tiawest / 2) and then as follows:

0.75 X RTTy sz + 0.25 X |SRTT — RTT 15| @)
By adding RTTvyar to the time threshold, the D-MPQUIC

can reflect RTT variations in the loss detection. Consequently,

even if packet reordering that exceeds the time threshold of



TABLE L. NETWORK PARAMETERS
Access Link Bandwidth [Mbps] 100
Access Link Delay [ms] 10
Bottleneck Link Bandwidth [Mbps] 25,50,75 100
Bottleneck Link Delay [ms] 10, 30, 50, 100
Bottleneck Link Loss Rate [%o] 0.1
Bottleneck Link Jitter 10% of RTT
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Fig. 1. Network topology used in experiments.
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Fig. 2. Average number of Retransmission packets of the original and
D-MPQUIC (Path 2 with 50 Mbps bandwidth and 10, 30, 50, 100 ms Delay).

the original MPQUIC occurs, the frequency of determining it
as lost is reduced, thus reducing spurious retransmissions. T
his modification can appropriately adjust the threshold for
“environments where large RTT variations beyond threshold
occur” or “environments where RTT variations are small but
have many actual losses,” which have been a problem when
using a small threshold. Therefore, it has the advantage that
it can be easily applied to a more diverse environment.
Furthermore, in stable scenarios with minimal RTT variations,
such as wired networks, it operates at 9/8*max(SRTT,
RTTiaest) like the original MPQUIC. Therefore, it does not
negatively affect scenarios where the original MPQUIC
performed effectively.

IV. EVALUATION

A. Experiment Setup

We verified the validity and effectiveness of the modification
by applying the change to the MPQUIC implementation [19]
based on quic-go. We conducted experiments in Mininet and
used token bucket filter and netem to set bandwidth, RTT,
loss rate and jitter. The topology used in the experiment
consists of server and client connected to two paths, and
another server and client sharing one of the paths as a
bottleneck link to implement background traffic, as shown in
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Fig. 4. Completion time of the original and D-MPQUIC (Path 2 with 50
Mbps bandwidth and 10, 30, 50, 100 ms RTT).

Figure 1. The network parameters used in experiments are
presented in Table 1. The network parameters of the access
link were fixed at 100 Mbps of bandwidth and 10 ms of delay,
and the first path was also fixed at 50 Mbps of bandwidth and
30 ms of delay. In order to implement homogeneous and
heterogeneous paths, the second path set the bandwidth from
25 Mbps to 100 Mbps and the delay from 10 ms to 100 ms. In
scenarios where jitter was considered, the jitter was set to 10%
of the bottleneck link’s RTT.

The experiment measured the number of retransmitted
packets and the completion time required for a multipath host
to download a 10 MB file and repeated it 10 times in each
scenario. The congestion control algorithm used OLIA [20]
in experiments. The packet scheduler used Minimum RTT
(MinRTT), the default scheduler of Linux.

B. Experiment Results

Figure 2 presents the mean number of retransmitted
packets for the original MPQUIC and D-MPQUIC in
different scenarios where a path 2 has a bandwidth of 50
Mbps and delays of 10, 30, 50, and 100 ms. In environments
with jitter, it can be observed that the original MPQUIC
consistently has a higher average number of retransmitted
packets compared to other experiments. As the jitter increases,
the frequency of packet delays exceeding the time threshold
also increases, resulting in an increase in the number of
retransmitted packets. In contrast, D-MPQUIC reduces the
number of retransmitted packets by a minimum of 47% to a
maximum of 66% compared to the original MPQUIC. As the



jitter increases, there is a trend of decreasing retransmitted
packets, which is due to larger jitter allowing more margin
for loss detection threshold. When comparing environments
with and without jitter, it can be seen that D-MPQUIC has a
higher average number of retransmitted packets due to its
adaptive speed, but up to a maximum of 8% reduction in the
difference of retransmitted packets can be achieved when the
path delay is 100 ms. When comparing the number of
retransmitted packets between original MPQUIC and D-
MPQUIC in environments without jitter, the results of the
two protocols are similar, confirming that the two protocols
behave similarly in an environment without jitter.

Figure 3 shows the completion time of the original
MPQUIC and D-MPQUIC in different scenarios where a path
2 has a delay of 30 ms and bandwidths of 25, 50, 75 and 100
Mbps. In scenarios with jitter, because the time threshold of
the original MPQUIC does not reflect RTT variations, all
packets that require more than 1.125 SRTT to receive an
ACK are considered lost and retransmitted. These spurious
retransmissions lead to poor performance: the completion
times were 23.7 s, 25.2 s, 26.8 s and 27.4 s in each scenario.
In networks with jitter, it can also be observed that as the
bandwidth increases, download completion time is getting
longer. This is because more packets are delivered at a time
through unstable networks, resulting in more frequent Head-
of-Line Blocking. In contrast, D-MPQUIC can reflect jitter
in the time threshold for loss detection, so the spurious
retransmission is reduced compared with the original
MPQUIC, resulting in a faster completion time. The
completion times of the D-MPQUIC were 10.1 s, 10.5 s, 10.9
s and 11.9 s in each scenario. These results suggest that the
modification also performs effectively for the multipath
protocol. Without jitter, the performance of original
MPQUIC and D-MPQUIC appears similar. This confirms
that the modification does not adversely affect the scenario
where the original MPQUIC performed effectively.

Figure 4 shows the completion time of the original
MPQUIC and D-MPQUIC for scenarios using a path 2 with
50 Mbps bandwidth and various Delays. As with the previous
experiments, it can be observed that D-MPQUIC performs
better than the original MPQUIC in environments with jitter.
In this experiment, D-MPQUIC was able to reduce the
average download completion time by a minimum of 37%
and up to a maximum of 56% compared to the original
MPQUIC. This shows that the D-MPQUIC works well on
various jitter and is more effective in environments with large
jitter. In environments without jitter, the performance of D-
MPQUIC is comparable to or better than the original
MPQUIC. This indicates that D-MPQUIC can prevent packet
drops due to latency differences between the two paths in
environments without jitter. In these experiments, we used
MinRTT as a packet scheduler, but if a scheduler such as
Peekaboo [15] that considers a dynamic network is used
together with D-MPQUIC, we can expect a significant
performance improvement.

However, even with the modified loss detection scheme,
the performance is still not optimal in the presence of jitter, as
seen in the comparison between cases with and without jitter.
This is due to the possibility of spurious losses being detected
if there are sudden RTT variations that exceed the adaptation
speed, despite the time threshold reflecting RTT variations.
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V. CONCLUSION

In this paper, we proposed the D-MPQUIC, which
modifies the time threshold used for time-based loss detection
of MPQUIC to improve the performance of MPQUIC in
networks that experience significant variations of RTT, such
as mobile communication networks. D-MPQUIC effectively
responds to RTT variations, reducing the average download
completion time by 55.5% compared to original MPQUIC.
However, the performance was not as good as in the case
without jitter, even after applying RTT variation to the loss
detection threshold. In future works, the authors plan to
address issues caused by sudden RTT variations and evaluate
the performance in various environments using D-MPQUIC
with other schedulers.
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