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Space travel is becoming more accessible due to the low-cost spaceflight. One way
to maintain the communication between the space station and the ground station
is to use several relay satellites. However, those relay links suffer from high loss
rate, limited bandwidth, and long round trip time (RTT). Meanwhile applications
running over these links, such as real-time communication, usually have deadline
requirements for their data transfer. Recently, QUIC version 1 is released as
RFC9000 (by lyengar and Thomson in 2021), which provides great opportunity to
improve transport services. Based on QUIC, we develop multipath deadline-aware
transport proxy (MPDTP) to provide the deadline-aware transmission service for
those applications. To avoid the loss caused by congestion control of each
application, the proxy aggregates the data transmission of applications and
transmits them along multiple paths. MPDTP uses deadline-aware scheduling and
adaptive redundancy to deal with the link fluctuation and packet loss. Based on our
implementation experience, we give some guidance on how to standardize MPDTP.

cost of spaceflight, making the space travel

more accessible. To maintain the 24x7 trans-
mission between the space station and the ground
station, multiple geosynchronous satellites can be
used to relay data packets. Those relay links have the
following issues:

S paceX and Blue Origin significantly reduce the

1) high loss rate due to the long distance wireless
nature;

2) limited bandwidth;

3) long RTT.

Meanwhile, many applications running on the space
station have a deadline requirement for their data trans-
mission. For example, the end-to-end latency of the video
conferencing system needs to be below 1 s to enable
smooth interaction. The remote control command needs
to be executed before a certain time. How to deliver the
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data before its deadline over the relay links is the key to
the application experience.

Existing transport services cannot provide a dead-
line-aware service to the application and the conges-
tion control for the relay link is not well studied either.
Recently, QUIC version 1is released as RFC9000." As a
user space transport protocol, QUIC provides great
opportunity to improve transport services.? However,
if each application builds its own transmission scheme
over QUIC and competes with each other for the lim-
ited bandwidth resource, there will be a lot of band-
width wastage due to the congestion loss and
redundant engineering efforts for each application to
implement deadline-aware delivery. To provide better
transmission service and reduce the application devel-
opment overhead, we propose multipath deadline-
aware transport proxy (MPDTP) for the space network.
Applications submit their data and transmission
requirements to the proxy. MPDTP manages the trans-
mission process over multiple links to deliver the data
before its deadline. MPDTP uses a deadline-aware
block scheduler and a multipath scheduler to allocate
the bandwidth of two paths to each application based
on their deadlines and priorities. MPDTP also uses
redundancy coding to recover from packet loss of
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AYGEO satellite

FIGURE 1. Communicate with space station using multiple links.

each path. We implement the MPDTP as an extension
to QUIC. Based on our implementation experience, we
give some guidance on how to standardize MPDTP
making minimal modification on existing standards.

Recently, low-Earth-orbit space travel is becoming
increasingly accessible thanks to the low-cost space-
flight developed by SpaceX and Blue Origin. To maintain
the communication between the space station and the
ground station, geosynchronous satellites are used to
relay the communication between ground station and
the space station, as shown in Figure 1. This approach is
similar to the Tracking Data Relay Satellite system run by
NASA2 for the International Space Station. China also
launched four satellites to communicate with Tiangong
space station® while NASA launched 13. Those satellites
are dedicated for the communication between the space
station and the ground.

The link created by the relay satellites has its own
limitations:

1) High loss rate:® Because of the long transmission
distance and the high possibility of interference,
the bit error rate is generally high. At the same
time, weather conditions may also cause
changes in the bit error rate. The overall bit error
rate cannot be ignored.

2) Limited bandwidth of satellite link: Due to the
limitation of the signal transceiver, the overall
capacity of the satellite link may be limited,
which will make the link more prone to conges-
tion. The latest European Data Relay Satellite
System® can only provide 300 Mb/s downlink to
the ground station.
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3) Long RTT: The RTT of the relay link can be as
high as 600 ms due to the height of geosynchro-
nous satellites.

We can use the ground station to create another
link to the space station.” The RTT of the link is smaller
than the one of the relay link. Combining the direct
link and relay link can provide better network service
to the space station.

Many applications’ data flow between the space
station and ground station has deadline requirement
for its data transfer, such as real-time video communi-
cations, data collection, and text message. The real-
time video communication and text message need to
be delivered in time for smooth interaction. The data
collection also has a deadline to be processed. We
summarize the common transport requirements of
those applications as follows.

1) Block-based data transmission: Those applica-
tions all generate and process the data in a block
fashion and each block has a clear deadline
requirement. The block is defined as the minimal
unit of data for applications. A partially delivered
block is useless for those applications. For exam-
ple, video/audio encoders produce the encoded
streams as a series of blocks (Macro blocks, I, B,
P frame, or GOP, depending on the fine granular-
ity of application control). The remote control
command is packed inside a message.

2) Deadline requirement: The meaningful deadline for
an application is the block completion time, i.e., the
time between when the block is generated at the
sender and when it is submitted to the application
at the receiver. If a block cannot arrive before the
deadline, then the QoE will be affected and the
whole block is useless (obsoleted by newer blocks
or no longer needed). In video conferencing, a
video frame from each participant is a block and
the deadline is the expected play time minus
decoding time. For remote control, each control
command is a message to be transmitted and exe-
cuted by the receiver.

3) Block dependency: For a video stream, there are
dependency between I/P frame in H264 and the
base/enhance layer in SVC codec. If the
depended block cannot arrive in time, then there
is no point for the depending block to arrive.
Therefore, the dependency should be respected
when sending blocks.

In short, those applications need a transport ser-
vice that can deliver their blocks of data before the
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FIGURE 2. Architecture of MPDTP.

deadline. Each block has its own property such as determines the sending order of blocks and discards
deadline and dependency. Existing transport protocol the expired blocks. Next, the multipath scheduler allo-
such as TCP, UDP, QUIC, and RTP® cannot provide cates the data packets of the block to different paths.
such a service, especially the deadline requirement. Then, they are divided into redundancy groups in the
Without proper transport layer support, applications redundancy module to generate the corresponding
are forced to build their own wheels, usually on top of redundant packets. These redundant data packets
UDP. Each application has to handle the prioritization, and the original data packets will be sent to the net-
sending, and acknowledging of data, etc., which are work. Their ACKs are collected and the packet loss is
tedious and complex. A typical example is WebRTC,® detected in a similar way to that in QUIC or TCP.

which incorporates everything from encoding to trans- Lost packets are placed at the top of the corre-
port, resulting in millions lines of code, making it really sponding sending queue and will be sent first when
hard to be adopted by other applications. rescheduling. The path monitor module monitors the

Another problem of this approach is that the com- network status and provides estimates of bandwidth,
petition between different applications using conges- RTT, and loss rate to the scheduler and redundancy
tion control will result in unnecessary loss and module to assist in scheduling and redundancy deci-
bandwidth wastage. In the terrestrial Internet, differ- sions. Since the link is dedicated to be used by

ent applications’ flows share different bottleneck. MPDTP, path monitoring can be done easily from sig-
Congestion control is used to maintain the fairness nal strength. On the receiving side, the transport layer
between different applications in a distributed way. will receive the data and reassemble each block. This
But applications mentioned above share a common process is symmetrical to the sender.

bottleneck (relay links are dedicated for those applica-
tions). Applications are also controlled by a single
entity (ground/space station). There is no need to use

. . The goal of the scheduler is to use the existing network
congestion control for each applications.

resources to complete the transmission of as many high-
priority data blocks as possible before the deadline. This
problem can be modeled as a classical task scheduling
We propose MPDTP, instead of letting each applica- problem—schedule m blocks over n network paths.
tion run its own congestion control algorithm to com- Each block has its own deadline and priority. There may
pete with each other and result in lots of packet loss exist dependencies between different data blocks. How
and low utilization of the link capacity. The proxy can m data blocks be allocated to n paths so that the
aggregates multiple application flows into one con- highest number of high-priority blocks can arrive before
nection. Then, the proxy will distribute the data into the deadline. This problem can be solved by integer pro-
multiple paths. The proxy will allocate the bandwidth gramming but the complexity is too high.

to different applications based on their priority and To reduce the complexity of scheduling, MPDTP
urgency. For example, the priority of a text message is divides this scheduler into two parts: a block sched-
higher than the video calling. uler and a multipath scheduler. The block scheduler is

The architecture of MPDTP is shown in Figure 2. responsible for determining the order in which blocks

Each data block and its metadata are first stored in a are sent, and the multipath scheduler is responsible
separate sending queue. Then, the scheduler module for distributing the current block data on multiple
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FIGURE 3. Implement MPDTP as an extension to QUIC.

paths. From the block scheduler’'s point of view, the
multipath scheduler aggregates multiple heteroge-
neous paths into one path. By fixing the multipath
scheduler, the completion time of a block can be esti-
mated. The scheduler runs when any path can send
packets. It first determines the data block to send,
and then selects the first data packet to send from
the data block.

There are multiple conflicting factors involved
when the block scheduler determines the sending
order. The first factor is the application-specified pri-
ority. Blocks with a higher priority should be sent first
since it is more important to the user experience.
The second factor is how close the block is to the
deadline. MPDTP estimates the block completion
time using the bandwidth and one-way delay estima-
tion provided by the path monitoring module. Con-
sider that the deadline will force the scheduler to
iterate over all blocks every time. The overhead can
be reduced by only recalculating when the bandwidth
is changing and only considering some blocks with
high priority or close to deadline. The bandwidth is
the aggregated bandwidth of two paths. Then,
MPDTP compares the estimated block completion
time to the deadline. The third factor is the
unsent_ratio, which is defined as the ratio of the
remaining size. If a block is almost completed, then
we would better finish its remaining part so that we
do not waste the network resource.

The design of multipath redundant module has two
options: the redundancy for different paths is coupled
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or not. If the redundancy packets are sent over multi-
ple paths (coupled), then the redundancy module
immediately follows the block scheduler. After the
block scheduler schedules a block, the redundancy
module will generate redundancy packets. Then, the
original packet and the redundant packet are distrib-
uted to multiple paths through the multipath sched-
uler. This can make full use of all available resources
of multiple paths, but the cost is that the recovery
time of redundant packets is more difficult to esti-
mate, which is related to the specific multipath sched-
uling algorithm and the degree of heterogeneity and
dynamics of the path. On the contrary, we design the
redundant modules of each path to be independent of
each other, and deal with packet loss and recovery on
their respective paths. In this way, the multipath
scheduler can more easily aggregate the resources of
multiple paths into a virtual path for the block sched-
uler to use.

After the multipath scheduler distributes packets
to each path, the redundancy module will generate the
redundancy packets for the packet stream. To reduce
the computation and transmission overhead, the
redundancy module is activated only for tail packets.
MPDTP use block-based forward error correction (FEC)
to generate n redundancy packets for m original pack-
ets. m is defined as the largest value satisfying the

. . . _mxMSS
deadline requirements of each packet: Bandwidm T

2 x RTT < deadline. n needs to be big enough to cover
the lossrate:n > m * loss_rate.

We implement the MPDTP as an extension to QUIC.
Based on the implementation experience, we give
some guidance on how to standardize MPDTP.

First, MPDTP should leverage existing standards as
much as possible. The extension to QUIC is shown in
the green blocks shown in Figure 3. For path manager
and handshake, the multipath extension proposed by
Lui et al.’ can be utilized. However, QOE_CONTROL_
SINGALS frame is not needed because MPDTP does
not use the QoE-based scheduling. For redundancy
module, the process and frame definition from the
work of Cui et al." is used.

Second, modification to existing standards should
be minimal too. To implement the block-based trans-
fer, one block can be mapped to one QUIC stream so
that the QUIC stream management can be reused to
manage the block. When a block is dropped by sender,
the RESET_STREAM frame is sent to cancel the corre-
sponding stream. The triggering of the block scheduler
and multipath scheduler remains the same as QUIC,
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TABLE 1. Applications setup.

STANDARDS

Application Block Deadline Priority Dependency
Text message Message 800 ms 1 (High) No
Audio calling Audio frame 1s 2 (Mid) No
Video streaming I/P frame 3s 3 (Low) P depends on |

i.e., when the application pushes new block or ACK is
received. First, the block scheduler update the
weighted priority value of each block. Then, the data
of the block is distributed to each path by the multi-
path scheduler. The congestion control module can
be replaced with the path monitoring module. The
module has the following three functions.

1) Analyze the ACK to derive the path RTT, which is
used to estimate the one-way delay.

2) Monitor the link signal strength to derive the
bandwidth of each path for the calculation of
the block remaining time.
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FIGURE 4. QoE under different bandwidth.
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FIGURE 5. QoE under different loss rate.
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3) Monitor the bit error rate of each link to derive
the packet loss rate for the redundancy rate.

Third, the implementation should be cross-plat-
form. To accomplish that, the implementation can be
separated into two parts: core state machine, which is
platform agnostic, and the 1/0 process written in plat-
form specific code, as shown in Figure 3. The API
between the application and the state machine should
be similar to the BSD socket APl for backward
compatibility.

We use two PCs running Ubuntu 20.04 to simulate the
ground station and the space station. The height of
the simulated space station is 40 km and the orbital
period is 90 min, which is similar to the Internet Space
Station. They are connected by an OpenWrt router.
The client has two interfaces and the server has one
interface. We run TC'? in the OpenWrt to simulate the
relay links. The RTTs of path are set to 600 and
100 ms. We vary the bandwidth and loss rate of these
two links to test MPDTP. When varying the bandwidth,
the loss rate is set to 0.01% for each path. When vary-
ing the loss rate, the bandwidth is set to 40 MB/s for
each path.

We run three applications’ traces simultaneously
between client and server. The setup of applications is
shown in Table 1. We define the QoE of three applica-
tions as the total number of blocks arrive before the
deadline weighted by its priority. For comparison, we
run three applications over three MPQUIC connec-
tions. MPQUIC uses a decoupled New Reno conges-
tion control algorithm for each path.

The result is shown in Figures 4 and 5. When
bandwidth is enough, both MPQUIC and MPDTP
can deliver all blocks before the deadline. When the
bandwidth is smaller, there will be congestion on
the link. Using congestion control to compete for
limited bandwidth will waste limited bandwidth.
Sending obsolete data is also a waste of bandwidth.
MPDTP can allocate the limited bandwidth resource
to high-priority blocks and thus can accomplish
more blocks.
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When the loss rate is high, MPDTP performs way
better than MPQUIC. This is caused by two factors.
The first factor is the New Reno congestion control
algorithm used by the MPQUIC. When loss rate is high,
the throughput of MPQUIC is very low. The second
one is the redundancy module used by MPDTP, which
can recover from the lost without retransmission.

In this article, we presented MPDTP for Space Network.
MPDTP uses deadline-aware scheduling and redun-
dancy to provide deliver-before-deadline service for
applications in the space network. Our simulation
showed that MPDTP can improve the deadline delivery
performance by 5x.
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