BESS: BDP Estimation Based Slow Start Algorithm
for MPTCP in mmWave-LTE Networks

Yanbing Liu, Xiaowei Qin, Ting Zhu, Xiaohui Chen, Guo Wei
Department of Electronic Engineering and Information Science,
University of Science and Technology of China, Hefei 230027, China
Email: viper@mail.ustc.edu.cn, {ginxw, zhuting, cxh, wei}@ustc.edu.cn

Abstract—In recent years, millimeter wave (mmWave) com-
munications, considered as a compelling technology to achieve
throughput improvement target of the fifth generation (5G)
mobile networks, is quickly attracting attention in both scientific
and industrial communities. To enhance reliability of mmWave
link, mmWave-LTE networks with MPTCP could be used as an
effective solution due to its path diversity. However, the poor
performance of MPTCP is found in mmWave-LTE networks
based on previous studies. In this paper, we identify the reason
of the preceding problem which is the congestion window
overgrowth in Slow Start phase, and propose a BDP Estimation
Based Slow Start (BESS) algorithm for MPTCP to address this
problem. Our simulations show that with the control of BESS,
MPTCEP can sufficiently use the bandwidth of mmWave networks,
and improve networks robustness when mmWave link is switched
from LOS to NLOS condition.

Index Terms—Multipath TCP (MPTCP), mmWave, Slow Start,
BDP

I. INTRODUCTION

Nowadays, most smart devices are equipped with multiple
network interfaces. Both cellular and WiFi interfaces have
been standard features of smart phones; Servers shipped
with redundant Ethernet are also common in modern data
centers. To provide improved throughput and better fairness,
researchers proposed Multipath TCP (MPTCP) [1] which
allows a single connection to transmit packets on several paths
between hosts concurrently.

Besides traditional Radio Access Technologies (RATSs), the
combination of MPTCP and some new emerging wireless
technologies is gaining extensive attention. In 5G mobile
networks, millimeter wave (mmWave) communications have
been considered to play an important role to offer huge band-
width and magnitude greater throughput [2]. However, some
characteristics of mmWave including high propagation loss, di-
rectivity and sensitivity to blockage pose significant challenges
to maintain reliable and efficient transmission on mmWave
links [3]. Using the multi-connectivity feature of MPTCP,
mmWave-LTE hybrid networks can theoretically be an ideal
end-to-end solution to improve the transmission robustness.
When blockage or user mobility deteriorate performance of
mmWave link, the traffic will be moved to the stable LTE link
in a short time and high-speed transmission will be continued
automatically once mmWave link recovers.

However, some severe issues of MPTCP performance in
mmWave-LTE networks are observed in previous studies [4]

[5]. In many cases, the total throughput of MPTCP connection
is below that of single path TCP connection running on
the mmWave link, and this phenomenon suggests that the
congestion control of MPTCP cannot satisfy the goal of
improve throughput proposed in RFC6356 [6].

In this paper, we perform a further study on this problem,
and after analyze related experimental data, our conclusion is
that the Slow Start scheme is the main reason leading to the
throughput degradation. The present Slow Start mechanism
will induce serious congestion window (cwnd) overshoot.
Large number of out-of-order packets backlogged in receive
buffer caused by excessive send rate and huge path hetero-
geneity lead to sharp throughput declines and poor bandwidth
utilization on MPTCP subflows. Therefore, Slow Start scheme
of MPTCP needs to be improved to achieve better performance
in mmWave-LTE networks.

The main contributions of our work are the following:

e We analyze the performance problem of MPTCP in
mmWave-LTE networks, and Slow Start scheme is iden-
tified as the major cause of this problem according
to our experiments. Severe cwnd overshooting due to
current Slow Start results in massive out-of-order packets
which lead to poor throughput performance of MPTCP
in mmWave-LTE networks.

e We propose a BDP Estimate Based Slow Start (BESS)
algorithm to solve the mentioned MPTCP performance
problem in mmWave-LTE networks. For subflows in Slow
Start phase, we will estimate the total Bandwidth Delay
Product (BDP) of all MPTCP subflows and compare it
with total inflight packets to determine whether to exit
Slow Start and move to Congestion Avoidance. Addi-
tionally, in order to maintain fairness to single path TCP,
the idea of coupled ssthresh is absorbed and improved
to be more reasonable.

e Our simulation results show that BESS can achieve
significant throughput gain. In mmWave-LTE networks,
BESS can improve throughput by up to 100% compared
to current regular Slow Start. When compared with other
proposed MPTCP Slow Start algorithm, BESS still have
a distinct advantage in the terms of throughput perfor-
mance.

The remainder of this paper is organized as follows. In
Section II, we analyze the performance problem of MPTCP
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in mmWave-LTE networks and the influence of Slow Start on
this problem. Section III presents the design details of BESS.
We give the evaluation results of BESS in Section IV. Section
V concludes the paper.

II. PROBLEM STATEMENT

Some investigations have been carried out to explore the
interactions between MPTCP and mmWave-LTE networks in
previous research. According to RFC6356, three design goals
are set for MPTCP: improve throughput, do no harm and
balance congestion. However, in [4], researchers found that
MPTCP with coupled congestion control algorithm (BALIA
[7], OLIA [8], etc.) fails to meet the first design goal of
MPTCP. In many situations, MPTCPs throughput is lower
than that of single path TCP and network bandwidth is wasted
severely.

After analyze related experimental data, we observe that the
Slow-Start scheme is the key reason leading to the throughput
degradation. In current MPTCP, cwnd control are uncoupled
in Slow Start phase and the same operations as single path
TCP are performed on each subflow. When a subflow receives
an ACK, its cwnd is increased by the number of previously
unacknowledged bytes acknowledged in the incoming ACK,
and the window size is doubled in every RTT until it reaches
ssthresh. However, the initial value of ssthresh is set to
infinity in TCP stack according to RFC5681 [9], to ensure that
the available network capacity probed by the newly established
connection won’t be limited by the initial ssthresh. Conse-
quently, the exponential growth of cwnd is kept until packet
losses occur and when slow start stage ends, MPTCP subflows
may seriously overshoot their cwnd beyond path capacity.

More significantly, acute packet reordering problem is ag-
gravated as a joint result of cwnd overshooting and the path
heterogeneity in mmWave-LTE networks. The Head-of-Line
blocking effect [10] [11] and receive window reduction caused
by these out-of-order packets result in dramatic throughput
degradation and poor overall utilization. Figure 1 shows re-
ceive window and the free space of receive buffer which
is shared by all subflows in a MPTCP connection versus
time, and Fig. 2 presents the throughput degradation of a
MPTCP connection on mmWave and LTE links. As shown in
figures, after Slow Start ends, huge amounts of out-of-order
packets flood into receive buffer in a matter of seconds, and
subsequently, a sharp drop of throughput can be observed on
each subflow. The transmission rate will be limited to a low
level during the entire recovery process.

III. BESS ALGORITHM

In this section, we present the BESS algorithm to address
the above problem. In our algorithm, the total BDP estimation
of MPTCP subflows paths which are in Slow Start stage will
be estimated, and the comparison of BDP and the total packets
number inflight is the key criterion to avoid cwnd overgrowth.

To estimate the total BDP of MPTCP Slow Start subflows,
bandwidth and delay are estimated respectively as a first step.
Various researchers have proposed solutions on bandwidth
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Fig. 1. Receive window and receive buffers free space of MPTCP in
mmWave-LTE networks.
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Dramatic throughput degradation of MPTCP in mmWave-LTE

estimation. In [12], researchers advance using packet train
dispersion to calculates a bandwidth measurement. When N
back-to-back packets of size L are sent to the receiver, these
packets can be referred to a packet train and the train length

N-1
is A(N) = Y %, where 6% is the dispersion between

k=1
packet k£ and k + 1. In our design, for measurement reasons,
corresponding ACK train replaces the packet train of which

N-1
length is A(N) = > A*, and similarly \* is the dispersion
k=1
between an ACK £ and £ + 1.
Using the ACK train, the bandwidth B(V) can be measured
by:
(N-1)L

PV =5

(D

Therefore, in each RTT round, the bandwidth B,. of subflow
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r can be calculated by:

_ PacketsNum,

v A, 2

PacketsNum, is the number of packets sent in current
RTT round, and A, is the ACK train length.

In single path TCP transmission, BDP is simply the product
of bandwidth and the minimum forward delay of the link.
However, there are significant differences among subflows
forward delay while calculation of the total BDP needs a
unified representative forward delay value. Considering that
the performance of MPTCP is largely dependent on the largest
forward delay because of the presence of data reordering
received over subflows having different delays, we choose
the maximum value of subflows minimum forward delay to
calculate the total BDP:

BDP, gy = maxc(MinForwardDelay;) Z B, (3
c

C = {r|subflow r is in Slow Start stage} 4

After we get the estimation of total BDP of all Slow-Start
subflows, we compare it with the total inflight packets number
on these subflows. When the inflight packets approach the total
BDP, this subflow will exit from Slow Start and switch to
Congestion Avoidance.

Except realizing the throughput goal, MPTCP is also re-
sponsible for ensuring fairness to regular TCP. MPTCP should
not take up more capacity than single path TCP. In [13], the
concept of coupled ssthresh was proposed to limit the total
transmission rate of MPTCP in Slow Start to an expected
value, which is defined as the quotient of conssthresh and
the minimum value baseRTT of all subflows RTT. From an
overall perspective, fairness problem can be solved effectively
through this method. However, we think that the direct com-
parison of total transmission rate of MPTCP and the expected
throughput is inappropriate. The expected throughput is de-
signed to be the representative value of imaginary single path
TCP throughput when Slow Start phase ends, while the total
throughput of MPTCP also contains some subflows variation
in other stages such as Congestion Avoidance. Therefore, some
improvements are needed to make algorithm more reasonable
and precise.

Our solution is as follows: When a subflow exit Slow Start,
the current throughput of this subflow will be recorded as
OccupiedRate,., and this value will be reset when this subflow
moves to Slow Start. The upper bound of the total throughput
of other Slow Start subflows is calculated by:

conssthresh

B =
oundRate bascRTT

Z OccupiedRates  (5)

On each ACK, if the total rate of subflows which are in Slow
Start approaches the BoundRate, the subflow will exit Slow
Start and stop the exponential growth of cwnd. Algorithm 1
shows the pseudo-code of BESS.

Algorithm 1 BDP Estimate Based Slow Start (BESS) algo-
rithm
1: Initialize:

2: sspermit, = 1 conssthresh = ssthresh

3: mindelay, = 0 occupiedrate, = 0

4: At the start of each RTT round:

5: if sspermit, and cwnd, < ssthresh, then
6: trainstart, = now

7: end if

8: On each ACK:

9: mindelay, = min(mindelay,, RTT,)

10: if sspermit, and cwnd, < ssthresh, then

packetsnumg
now—trainstarts

—
—_

totalBDP = Y.

sspermits=
12:if > inflight, > total BDP then
sspermits=1

max (’rnznd;layi )

13: sspermit, =0

. d,
14: oc‘cupzedrater = %UIZLTT
15:  end if

16:  totalssrate =0
17:  for each subflow s do

18: if sspermit, and cwndy < ssthresh, then
_ ds

19: totalssrate+ = %DT?TS

20: end if

21:  end for
22:  if totalssrate > <onssthresh  N™ occypiedrate,s then
S

baseRTT
23: sspermit, =0
. - _ cwnd,
24: oc.cupzedrater = ST
25:  end if
26: end if

27: if \sspermit, and cwnd, < ssthresh, then
28:  ssthresh, = cwnd,

29: end if

30: if sspermit, and cwnd, > ssthresh, then
31:  sspermit, =0

. ; __ cwnd,
32: oc'cupzedrater = T
33: end if
34: Timeout:

35: sspermit, = 1 occupiedrate, = 0 mindelay, = 0

IV. EVALUATION

In this section, we implemented BESS algorithm and a
series of simulation experiments are performed to evaluate our
novel algorithm in mmWave-LTE networks.

A. Simulation Setup

The simulations are based on a combination of MPTCP
implementation in the Linux kernel [14] and NYU ns-3
mmWave module [15] with the help of Direct Code Execution
(DCE) library [16]. A typical MPTCP-enabled mmWave-LTE
network scenario shown in Fig. 3 is established and configured
to carry out experiments. The bandwidth of mmWave and LTE
links are fixed to 500Mbps and 80Mbps respectively, and the
setup of other main parameters is same as a typical setup in
[17].
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Fig. 3. MmWave-LTE network scenario which enables MPTCP used in the
experiments.
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B. Performance Comparison

In our experiments, the performance of BESS is compared
with that of regular Slow Start (RSS) and single path TCP
(SPTCP). BESS and RSS are plugged into MPTCP with the
BALIA congestion control algorithm, and SPTCP is with
TCP CUBIC [18]. Kinds of factors including path delay, UE-
eNB distance and LOS-NLOS transition are varied to make a
comprehensive comparison, and some analyses are followed
on these factors and their influence on system performance.

a) Path Delay: At first, an important issue that influences
MPTCP performance is delay of subflows. We varied the delay
of mmWave and LTE links from 1 to 50 ms. Figure 4 shows
the impact of delay on performance of the whole system.
When the mmWave delay of mmWave link is low (less than
5ms), the throughput remains stable and bandwidth are fully
utilized with BESS or SPTCP, and the overall throughput of
BESS is higher in most cases because MPTCP with BESS
can make full use of bandwidth of mmWave link and LTE link
simultaneously. However, the throughput of MPTCP with RSS
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Fig. 5. Average throughput under different UE-eNB distance.
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Fig. 6. Average throughput under different UE-eNB distance.

can only reach about 350Mbps and a great deal of network
resources are wasted as we observed in Section II. When the
delay rises to 50ms, the throughput of three algorithms falls
slightly. On the other hand, due to the huge difference between
mmWave and LTE bandwidth, the simple increase of LTE links
delay has no remarkable impact on total throughput in our
observation.

Furthermore, we analyze the influence of the difference
between delay of links from the perspective of out-of-order
packets in receive buffer. MmWave links delay is fixed to 1ms
while the delay of LTE link is varied from 1ms to 50ms. Figure
5 shows the percentage of free space in receive buffer. A first
observation is that the BESS has addressed the out-of-order
packets problem due to cwnd overgrowth and the backlog in
receive buffer is exceedingly mild. Besides, when the delay
difference increases, the number of out-of-order packets will
rise accordingly, but only very slightly.

b) UE-eNB Distance: It has been shown that the increase
of distance between the user equipment (UE) and the evolved
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node base (eNB) will degrade the throughput of mmWave
networks [4]. The UE-eNB distance in the experiments is
varied from 100m to 150m. Similarly, as seen in fig. 6, the
throughput of BESS is still the highest when distance changes.
Besides, the throughput of three algorithms experience a slight
dip when UE-eNB distance is increased.

c) LOS-NLOS transition: Another significant factor that
affects MPTCP and TCP in mmWave networks is LOS-NLOS
transition. The non-line-of-sight (NLOS) channel suffers from
higher attenuation than the line-of-sight (LOS) channel [19],
and the throughput be substantially impacted when mmWave
link is switched from LOS to NLOS. We perform related
experiments to study algorithms performance with LOS-NLOS
transition. In 0 7s, UE is in LOS condition and in 7 26s, UE is
blocked by a building and switched to NLOS condition. Figure
7 shows the LTE throughput, the mmWave throughput and the
total throughput under the control of three algorithms. From
fig. 7, BESS has the obvious advantage with respect to average
throughput, and the main reason is that the throughput on LTE
link maintains stable after UE moves to NLOS condition while
that on mmWave link is limited to approximately 15Mbps.
Therefore, MPTCP with proper cwnd control mechanism can
provide more reliable and efficient transmission than single
path TCP when LOS-NLOS transition occurs.

V. CONCLUSION

In this paper, we first present an in-depth analysis on the
performance issues of MPTCP in mmWave-LTE networks. To
address this problem, we propose a BDP Estimate Based Slow
Start (BESS) algorithm for MPTCP which estimate total BDP
of all Slow Start subflows and decide whether to exit Slow
Start according to the comparison of BDP and inflight packets,
and meanwhile TCP fairness is guaranteed to some extent. Our
simulation results show that BESS can improve throughput of
MPTCP in mmWave-LTE networks effectively and MPTCP
with BESS allows a more efficient response to performance
degradation due to LOS-NLOS transitions.
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