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Abstract

In this work, we evaluated different AQM schemes that can be used in the internet. Since low
latency becomes a requirement for increasing amounts of applications and traffic and since
queuing remains a significant source of latency, we wanted to find out how well these AQM
schemes would perform with respect to low latency requirements.
For these evaluations, we implemented different AQM schemes for a network simulator and
ran simulations. Based on these results we evaluated the performance of these schemes with
respect to queuing delays and link utilization.
Our results showed that simple AQM with a single queue only rarely could achieve low queuing
delays and that they had to sacrifice link utilization when trying. Some more complex schemes
with two queues also had a hard time achieving low queuing delays but did not loose link
utilization when trying. Other schemes with two queues were able to achieve very low queuing
delays but also had to sacrifice link utilization.
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Chapter 1

Introduction

In today’s internet, delays are increasingly becoming a problem. More and more applications
and traffic require low latencies to provide a satisfying service. Examples for such applications
are voice over IP, video telephony or interactive web applications. Recent efforts to reduce
latency by placing servers closer to the users were of limited success since queuing persists
as an intermittent source of delay. Queuing causes spikes in latency when buffers fill up due
to congestion. Even when using modern active queue management (AQM), queueing can still
cause significant delays. [26]

AQM are algorithms that control the size and thereby also the delay of a queue through
pre-emptive drops. This leads to a trade-off of latency against throughput. Low queuing delays
are achieved by reducing the amount of packets in the queues. This can leave the queue
temporarily empty which leads to underutilization of the link and loss of throughput. Allowing
high queuing delays results in higher amounts of packets in the queues and higher link
utilization.

Low Latency Low Loss Scalable Throughput (L4S) is a proposed algorithm that provides an
ultra low latency service in parallel to the classic best-effort service. This is done by separating
incoming traffic into the two classes based on an identifier and then applying different control
schemes to achieve the respective goal. To achieve ultra low latency the low-latency class is
given priority over the best-effort class. [11]

In this project we implement different AQM schemes in a network simulator. With these
implementations, we run simulations in different scenarios to gather data on the performance of
these schemes. Based on the results of these simulations we will evaluate the performance of
the different algorithms. This should give insight into their advantages, drawbacks and problems.
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Chapter 2

Background

2.1 Explicit Congestion Notification

Explicit Congestion Notification (ECN) is an extension of TCP/IP [15]. ECN allows a router to
send congestion signals without dropping packets. To do that, a router marks packets instead
of dropping them.
If a router wants to send a congestion signal, it marks a packet. Upon receiving a marked
packet, the endpoint of a connection informs the sender by marking the acknowledgement
packet.

Using ECN implicates a problem with fairness called ECN unfairness. ECN unfairness de-
scribes different scenarios where bandwidth is distributed unfairly between flows because of
ECN. Corrupted ECN signals and the ignoring of ECN feedback are mentioned as reasons
for ECN unfairness. But there is a case without signal corruption or disobedience to feedback
that can cause ECN unfairness. In this case, non-ECN flows receive less bandwidth than ECN
flows because their packets are dropped instead of marked. This happens especially often in
situations where an AQM reaches high drop probabilities.
The RED algorithm described in Section 2.3.1 is mentioned as an example. When the queue
length exceeds the maximum threshold, only ECN flow receive throughput since all non-ECN
packets are dropped.

2.2 TCP Congestion Control

TCP congestion controls are algorithms designed to control the sending rate of network devices
[8]. Their goal is to adjust the sending rate according to the currently available bandwidth. On
one hand, they should keep the sending rate high in order to achieve a high link utilization. On
the other hand, they should keep the rate low enough to avoid congestions and congestive
breakdowns.

The sending rate in TCP is controlled by the congestion window. The congestion window
defines how many packets a connection is allowed to have in flight simultaneously. If the
congestion window is full, the sender has to wait for acknowledgements before he can send
further packets. Congestion controls define how the congestion window is changed. The
difference between congestion controls is how and when they change the congestion window.
Generally, the absence of packet losses indicates that the network is not congested and
the congestion window can be increased. When a packet loss is detected, this indicates a
congestion and the congestion window has to be reduced. Like losses, ECN feedback is also a
congestion signal and should lead to a congestion window reduction.

A lot of congestion controls use slow-start, an algorithm for increasing the congestion window.
It is comprised of two phases, the slow-start phase and the congestion-avoidance phase. In the
slow-start phase, the congestion window is increased quickly in order to bring the connection

9
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Figure 2.1: Congestion window over time in Reno

up to speed. In the congestion avoidance phase, the window is increased slowly.
Also, a lot of algorithms use fast-recovery/fast-retransmission, an algorithm that can sometimes
skip the slow-start phase after a loss. If the sender registers a packet the loss of a specific
packet, it can perform a fast retransmission of this packet. If it succeeds, the slow-start phase
is skipped, the congestion window is increased and the control continues in the congestion-
avoidance phase.
Since this work is about congestion and since the congestions controls in our simulations
will mostly be in the congestion-avoidance phase, we will focus on the congestion-avoidance
behaviour of the algorithms.

2.2.1 Classic Congestion Control

One class of congestion controls that we used in our simulations are classic congestion controls
[16] [24]. Classic congestion controls are in the sense classic that they the ones currently being
used in today’s internet. They work by the AIMD (additive increase/multiplicative decrease)
principle. The main difference to scalable congestion controls explained in Section 2.2.2 is that
the congestion window reduction is quite aggressive when congestion signals are registered.

Reno

Reno is a simple classic congestion control algorithm [8]. Reno uses slow-start and fast-
recovery/fast-retransmission.

In the congestion-avoidance phase and the absence of losses, it increases the congestion
window by one over the current congestion window for every acknowledgement received. This
leads to an effective increase of one packet every round-trip-time.

In case of losses or the receiving of ECN feedback, the congestion window is reduced. Simpli-
fied, it is halved. Actually, it is set set to one packet but due fast-recovery/fast-retransmission,
the slow-start phase can be skipped and the congestion window restored to half its previous
value, continuing in the congestion-avoidance phase.

Figure 2.1 shows an example plot of the Reno congestion window over time in steady state.

Cubic

Cubic is another classic congestion control [17] [24]. It also uses slow-start and fast-
recovery/fast-retransmission.
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Figure 2.2: Congestion window over time in Cubic

Like Reno, Cubic increases its congestion windows for every received acknowledgement.
In the congestion-avoidance phase, Cubic uses a cubic congestion window growth function de-
pending on the time since the last loss or ECN feedback. This function is shown in Equation 2.1.
The factor β is the decrease factor and is recommended to be 0.7. The factor C defines the ag-
gressiveness of the algorithm and is recommended to be 0.4. W_max is the stored congestion
window from before the last reduction.

W (t) = C ∗ (t−K)3 +W_max

K =
3

√
W_max ∗ (1− β)

C

(2.1)

The cubic growth function has three regions. One region is the TCP-friendly region. Here, the
growth function is compared to a standard TCP growth function (Equation 2.2) with β_amid
equals 0.5. If W (t) is smaller than W_aimd(t), then the congestion window should be set to
W_aimd(t) whenever an acknowledgement is received. This should ensure that the congestion
window in Cubic grows at least as fast as in the linearly growing standard TCP.
The other two regions are the convex and the concave region. In these two regions, the
congestion window is set to W (t + RTT ) from Equation 2.1 for every acknowledgement
received. As long as the congestion window has not reached w_max, the cubic function is in its
concave region. Here it grows quickly at first and slows down when approaching W_max. Once
the congestion window goes past W_max, it enters the convex region and grows increasingly
fast.

W_aimd(t) =W_max ∗ β_aimd+ 3 ∗ 1− β_aimd
1 + β_aimd

∗ t

RTT
(2.2)

The window reduction in Cubic works like the one in Reno with fast-recovery/fast-retransmission
and slow-start. But simplified, the congestion window is reduced by 70%. Also, the congestion
window before the reduction is saved as the new W_max. This is shown in Equation 2.3.

W_max = cwnd

cwnd = cwnd ∗ (1− beta)
(2.3)

Figure 2.2 shows an example plot of the Cubic congestion window over time in steady state.
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Figure 2.3: Congestion window over time in DCTCP

2.2.2 Scalable Congestion Control

Another class of congestion controls are scalable congestion controls [5] [20]. Compared to
classic congestion controls, scalable congestion controls reduce the congestion window more
conservatively.

Data Center TCP

Data Center TCP (DCTCP) is a scalable congestion control [5] [7]. Like Reno, it also uses
slow-start and fast-recovery/fast-retransmission.

In the congestion-avoidance phase, the congestion window is also increased by one packet
every round-trip-time.

The difference lies in the congestion window decrease mechanism. DCTCP distinguishes be-
tween losses and ECN feedback. For ECN feedback, it reduces the congestion window based
on an exponentially weighted moving average of the ratio between bytes where the acknowl-
edgement was marked and bytes where the acknowledgement was not marked. For losses,
DCTCP behaves like Reno, halving the congestion window.
The exponentially weighted moving average α is updated according to Equation 2.4 approxi-
mately once very round-trip-time. The factor g sets the weight between old and the values. g is
recommended to be 1

16 .
Upon receiving an ECN feedback, DCTCP reduces the congestion window according to Equa-
tion 2.5. The reduction by the factor of α2 ensures that for high congestion when α is close to 1,
DCTCP halves it’s congestion window like in the Reno algorithm.

α = (1− g) ∗ alpha+ g ∗ (marked_bytes_acknowledged/bytes_acknowledged) (2.4)

cwnd = cwnd ∗ (1− α

2
) (2.5)

Figure 2.3 shows an example plot of the DCTCP congestion window over time in steady state.

Relentless

Relentless is a simple implementation of a scalable congestion control [20] [21]. It also uses
slow-start and fast-recovery/fast-retransmission.
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Figure 2.4: Congestion window over time in Relentless

The increase mechanism is again the same as in Reno, increasing the congestion window by
one packet every round-trip-time.

The reduction mechanism of Relentless is very simple. The congestion window is reduced
by one packet for every loss or ECN feedback. This is similar to DCTCP but leaves out the
smoothing of the moving average function.

Figure 2.4 shows an example plot of the Relentless congestion window over time in steady state.

2.2.3 Scalable vs Classic

Buffer Size

Compared to classic congestion control, scalable congestion control offers three improvements.
[7]. The first improvement is that scalable congestion control can achieve full link utilization
with less buffer size than classic congestion control. The second, following from the first, is
that scalable congestion control can achieve lower queuing delays since the buffer size can
be smaller. And third, if a buffer is managed by an AQM, the lower buffer utilization of scalable
congestion control leaves more capacity for bursts.

Figures 2.5a and 2.5b show example plots of the congestion windows of Reno and DCTCP in
steady state with similar throughputs and round-trip-times. The required buffer sizes to achieve
full link utilization are also plotted. Reno and DCTCP are used as examples for classic and
scalable congestion controls. The same principle goes for other congestion controls in the
respective classes.

Throughput Equation

One big problem with scalable congestion control is that it is not AIMD-friendly meaning that
it starves out competing flows that use AIMD or classic congestion controls. This is due to the
difference in throughput equations. [13] [14]
The throughput equations states the throughput of a flow that uses a certain congestion control.
Different congestion controls have different throughput equations. The throughput equations for
Reno, Cubic, DCTCP [13] and Relentless [14] are stated in Equations 2.6. They depend on the
maximum segment size (MSS), the round-trip-time RTT and the drop rate p.
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(a) Congestion window and required buffer size
for full link utilization in Reno

(b) Congestion window and required buffer size
for full link utilization in DCTCP

Figure 2.5: Comparison of the congestion windows of Reno and Cubic

throughput_reno =
MSS ∗ 1.22

RTT ∗ drop_rate0.5

throughput_cubic =
MSS ∗ 1.17

RTT .025 ∗ drop_rate0.75
∼ MSS ∗ 1.68
RTT ∗ drop_rate0.5

(in TCP -friendly region)

throughput_dctcp =
MSS ∗ 2

RTT ∗ drop_rate

throughput_relentless =
MSS ∗ 0.49

RTT ∗ drop_rate
(2.6)

There is a major difference between the throughput equations of classic and scalable conges-
tions controls. While the classic ones contain the drop rate as a square root, the scalable ones
do contain it in directly.
Assuming similar RTT and MSS and drop probability, the classic congestion controls have
a much lower throughput than the scalable ones. That is the reason why flow with scalable
congestion control starve out competing flows with classic congestion control if no special
measures are adopted.

2.3 Active Queue Management

Active Queue Management (AQM) describes schemes that aim to control filling levels and
delays of queues. [6] Queues in network devices serve as buffers to prevent losses when more
packets come in than can go out. An ongoing congestion causes such queues to fill up. This
can lead to massive drops in case of an overflow as well as large queuing delays.

AQM was originally developed to conserve throughput by preventing an excessive build-up of
packets in case of a congestion. Such an excessive build-up can ultimately lead to the buffer
overflowing resulting in massive packet loss. AQM controls the queue length by randomly
dropping packets if it detects a congestion. This signals the senders to reduce their sending
rate and mitigates the congestion. The cost of these pre-emptive drops should outweigh the
cost of a buffer overflow with massive packet losses.
Later, AQM was also used to control queuing delays since latency became increasingly
important and since queuing remained a significant source of delay. In this case, the goal is
to keep the queue short in order to reduce delay. At the same time, the queue should not run
empty because that would lead underutilization of the link. Controlling the queue length is a
trade-off between latency and throughput.
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Figure 2.6: Drop probability function of RED

The difference between AQM schemes is how the drop probability is implemented which
determines how the queue length or delay is controlled.

If available, AQM can also use ECN marks instead of drops or a mixture of drops and marks.

2.3.1 Random Early Detection

Random Early Detection (RED) is a simple AQM [19] [12]. It randomly marks or drops packets
with a drop probability depending on the current queue length .
RED uses three parameters. The minimum threshold defines the queue length up to which no
packets are dropped or marked. The maximum threshold defines the queue length above which
all packets are dropped or marked. The maximum drop probability defines the drop probability
when the queue length is equal to the maximum threshold.
Between minimum and maximum threshold, the drop probability is a linear function that
equals 0 at the minimum threshold and equals the maximum drop probability at the maximum
threshold.
The maximum drop probability is recommended to be one or two percent. For the thresholds,
there are no special recommendations.

Figure 2.6 shows the basic graph of the drop probability function of RED.

2.3.2 Curvy Random Early Detection

Curvy Random Early Detection (CRED) is another simple AQM [10]. It randomly drops or marks
packets with a drop probability depending on the current queue delay. The AQM is called curvy
because it uses an exponential function for the drop probability.
CRED uses two parameters to calculate the drop probability. The slope factor Dq defines the
queue delay above which all packets are dropped or marked. The curviness factor U defines
the exponent for the drop probability function.
The drop probability function is described in Equation 2.7. The drop probability is bounded to 1
for queue delays above the slope factor.

drop_probability = (
queue_delay

Dq
)U (2.7)

The current queue delay can either be measured by using timestamps or estimated using the
current queue length and a measurement of the dequeuing rate. There are no recommenda-
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Figure 2.7: Drop probability function of CRED

tions for the parameters.

Figure 2.7 shows two plots of the CRED drop probability function with different curviness factors
U .

2.3.3 Proportional Integral Controller Enhanced

Proportional Integral Controller Enhanced (PIE) is a more complex AQM [23] [22]. It uses
current and past queuing delays for the calculation of the drop probability. The PIE algorithm
consist of two parts.

The first part is the drop probability calculation. This function periodically updates the drop
probability depending on the current, previous and target queue delay as well as the current
drop probability. After the calculation, the current queuing delay is stored for the next calculation.
Algorithm 1 shows the drop probability calculation as it is defined in [22].

The second part is the early drop function that decides whether a packet is dropped or marked.
A packet is dropped or marked randomly using the calculated drop probability.
Random dropping is prevented if the previous queuing delay and the drop probability are low
enough or if the queue is almost empty.
Random dropping is also prevented if PIE is in burst protection. Burst protection keeps PIE
from dropping packets during short bursts. If the link is not congested for a while, burst protec-
tion is activated. In the case of a congestion, the burst protection deactivates after a certain time.

The current queue delay can either be measured by using timestamps or estimated using the
current queue length and a measurement of the dequeuing rate.

These are recommended values for the PIE parameters from [22].

Target delay : 15 milliseconds
Burst protection period : 150 milliseconds
Update period : 15 milliseconds
Alpha : 0.125
Beta : 1.25

The full proposed pseudo code of PIE can be seen in [22].
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p = alpha * (current_delay - target_delay) + beta * (current_delay - previous_delay);
if drop_prob < 0.000001 then

p /= 2048;
else if drop_prob < 0.00001 then

p /= 512;
else if drop_prob < 0.0001 then

p /= 128;
else if drop_prob < 0.001 then

p /= 32;
else if drop_prob < 0.01 then

p /= 8;
else if drop_prob < 0.1 then

p /= 2;
else

p = p;
end
drop_prob += p;
if cur_queue_delay == 0 AND old_queue_delay == 0 then

drop_prob *= 0.98;
end
if drop_prob < 0 then

drop_prob = 0;
end
previous_delay=current_delay;

Algorithm 1: Drop probability calculation of PIE from [22]

2.3.4 Proportional Integral Controller Squared

Proportional Integral Controller Squared (PI2) is another AQM [13]. It is loosely based on PIE.
A special thing about this AQM is that it can control scalable and classic congestion controls
at the same time. This is done by adjusting the drop probability according to the congestion
control. However, this required a reliable distinction between the congestion controls. The
ECT(1) code-point is proposed for such a distinction.

The drop probability calculation is shown in Equation 2.8. The drop probability is updated
periodically. The current queue delay can either be measured by using timestamps or estimated
using the current queue length and a measurement of the dequeuing rate.

drop_prob =drop_prob
+ α ∗ update_period ∗ (cur_queue_delay − ref_queue_delay)+
+ β ∗ update_period ∗ (cur_queue_delay − old_queue_delay)

(2.8)

After the distinction, the drop probability is adjusted for the congestion control. For a flow with
classic congestion control, the drop probability is first scaled and then squared as shown in
Equation 2.9. For scalable congestion controls, the drop probability would be left as it is.

drop_prob_classic = (
drop_prob

K
)2 (2.9)

This different treatment accounts for the difference in the throughput equation of classic and
scalable congestion controls described in Section 2.2.3 and allows them to coexist. The
squaring adjusts the different powers of the drop rate in the throughput equations. The scaling
shifts the throughput distribution to adjust for the constants.
Two is recommended as scaling factor since it is the power of two that should achieve the
fairest throughput distribution. Powers of two are favourable since divisions by two can be
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implemented cheaply using bit shifts.

These are recommended values for the PI2 parameters from [22].

Target delay : 15 or 20 milliseconds
Update period : 16 or 32 milliseconds
Alpha : 10
Beta : 100
K : 2

2.4 Low Latency Low Loss Scalable Throughput

Low Latency Low Loss Scalable Throughput (L4S) is a proposed algorithm that aims to provide
a low-latency service parallel to the current best-effort service [11].
In connection with L4S, we will call the low-latency service L4S service and the best-effort
service classic service. The same goes for the respective AQM elements like for example
queues or drop probabilities.

2.4.1 Basic Concept

The basic concept of L4S contains three elements [11]. These are separation, identification
and scalable congestion control.

Separation means the separation of L4S traffic and classic traffic so that both of them do
not affect each other. Mainly, the L4S traffic needs to be protected from the potentially
high latency of the classic traffic. Also, the classic traffic needs to be protected from the
less sensitive scalable congestion control of the L4S traffic. But even if the two classes are
separated, they should still share the link capacity freely without having fixedly assigned shares.

Identification means the necessity to clearly identify the respective classes in order to correctly
separate incoming traffic. A recommendation for this identifier is the ECT(1) code-point [25].

And scalable congestion control is necessary for the L4S traffic in order to avoid the problem of
link utilization. Since the L4S traffic seeks low latency, only a small buffer can be used. And as
mentioned in Section 2.2.3, when only a small buffer is available, scalable congestion control
achieves higher utilization than classic congestion control.
Also, scalable congestion control requires ECN which can prevent the large spikes in latency
that occur when packets are lost. L4S also requires ECN since the ECT(1) code-point is recom-
mended to be used as identifier. DCTCP is mentioned as a possible scalable congestion control.

2.4.2 DualQ Coupled AQM

DualQ Coupled AQM is a proposed implementation of L4S [26]. DualQ Coupled AQM uses the
ECT(1) code-point to classify incoming packets. The traffic is separated into two queues, one
for L4S and one for classic traffic. These queues run an AQM that is coupled through the drop
probability. This coupling means that the drop probability for the classic Queue is equal to the
scaled and squared drop probability of the L4S queue. Equation 2.10 shows this coupling.

drop_probability_C = (
drop_probability_L

K
)2 (2.10)

The squaring of the drop probability is necessary due to the different powers of the drop rate in
the throughput equations of classic and scalable congestion control described in Section 2.2.3.
With the scaling factor K, this steady state distribution can be shifted. Two is recommended
for K since it is a power of two and since it approximates throughput equivalence between
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Figure 2.8: Function principle of DualQ Coupled AQM (Graphic from [9])

L4S and classic flows. Using powers of two for K has the advantage that divisions are cheaply
implementable through bit shifts.
To achieve a low latency in the L4S queue, the L4S queue is to be scheduled with priority. This
priority can be strict but does not have to be.

Two possible implementations of DualQ Coupled AQM are proposed. One uses PI2 as AQM
and the other CRED.

Figure 2.8 shows the function principle of DualQ Coupled AQM.

DualQ Coupled AQM with PI2

This proposed implementation of DualQ Coupled AQM uses the AQM PI2 described in Section
2.3.4. It consists of an enqueuing function, a dequeuing function and a drop probability
calculation function that periodically updates the drop probabilities.

The drop probabilities are calculated based on the current queuing delay. As long as the classic
queue is not empty, the its queue delay is used for the calculation. If it is empty, the queue delay
of the L4S queue is used. The new drop probabilities are calculated according to Equation 2.11.

classic_drop_probability = classic_drop_probability
+ alpha ∗ update_period ∗ (current_queue_delay − target_queue_delay)
+ beta ∗ update_period ∗ (current_queue_delay − old_queue_delay)

l4s_drop_probability = K ∗ classic_drop_probability
(2.11)

At enqueueing, the queues are checked whether there is space. If there is, the packet is
classified using the ECT(1) code-point and enqueued in the respective queue.

For dequeueing, the queues are scheduled with a shifted FIFO scheduler with the shift in favour
of the L4S queue. This means, the classic queue is only scheduled if the L4S queue is empty
or if the oldest packet in the classic queue is more than a certain time older than the oldest in
the L4S queue.
If an L4S packet is dequeued it is decided whether it will be marked. The packet is marked
randomly with the L4S drop probability. If the packets has been in the queue longer than a time
threshold and if the queue is currently longer than a length threshold, the packet is marked
deterministically.
If a classic packet is dequeued it is randomly dropped or marked with the square of the classic
drop probability.

This algorithm has an overload protection that would switch to dropping if it detected an
unresponsive ECN flow. We will not explain this part since we did not examine the security
properties of these algorithms in this work. The overload protection can be seen in the pseudo
code in [26].
The current queue delay can either be measured by using timestamps or estimated using the
current queue length and a measurement of the dequeuing rate. The proposed pseudo code
uses timestamps.
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These are recommended parameter values for the DualQ Coupled AQM with PI2 from [26].

Target delay : 15 milliseconds
Update period : 16 milliseconds
FIFO time shift : 2 * target delay (30 milliseconds)
Time threshold : 1 millisecond
Length threshold : 2 packets (or 2 * MTU)
Maximum classic drop probability : 0.25
Maximum L4S drop probability : min (K *

√
classic_drop_prob_max, 1)

Alpha : 10
Beta : 100
K : 2

The complete, proposed pseudo code of DualQ Coupled AQM with PI2 can be seen in [26].

DualQ Coupled AQM with CRED

This proposed implementation of DualQ Coupled AQM uses the AQM CRED described in
Section 2.3.2. It only has an enqueuing and a dequeuing function.

The enqueuing here works like the enqueuing in DualQ Coupled AQM with PI2. The queues
are checked whether they have free space and then the packet is sorted into the respective
queue depending on the ECT(1) code-point.

For dequeuing, strict priority scheduling in favour of the L4S queue is used. If an L4S packet is
dequeued, it is randomly marked with the L4S drop probability. And if the L4S queue exceeds a
certain length threshold, the packet is marked deterministically.
If a classic packet is dequeued, it is randomly dropped or marked with the classic drop
probability. If a packet from the classic queue is dropped, another one is dequeued until the
classic queue is empty or one packet was not dropped.
The L4S drop probability and the classic drop probability are calculated according to Equation
2.13. For the calculation of the L4S drop probability, the current queue delay of the classic
queue is used. For the calculation of the classic drop probability, an exponentially weighted
moving average (EWMA) of the classic queue delay is used. This calculation can be seen in
Equation 2.12.

The current queue delay can either be measured by using timestamps or estimated using the
current queue length and a measurement of the dequeuing rate. The proposition does not
specify which.

Q_C = 2−smoothing_factor ∗ classic_queue_delay + (1− 2−smoothing_factor) ∗Q_C (2.12)

classic_drop_probability =
Q_C

2classic_scaling_factor

l4s_drop_probability =
classic_queue_delay
2l4s_scaling_factor

(2.13)

We assume there is a typo or a sign error in the draft. The formula for the L4S drop probability
in Equation 2.13 seems incorrect since it does not conform to the throughput equivalence
equation in Section 2.4.2. This is discussed further in Section 3.1.3.

These are recommended parameter values for the DualQ Coupled AQM with CRED from [26].
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Classic scaling factor : -1
L4S scaling factor : Classic scaling factor + K’

(K’ = log2K)
(We assume this to be an error)

Smoothing factor : 5
L4S length threshold : 5 packets (or 5 * MTU)
K (k) : 2

The complete, proposed pseudo code of DualQ Coupled AQM with CRED can be seen in [26].

2.5 Network Simulator 3

The Network Simulator 3 (NS-3) is an open source software for network simulations [1]. We
used this software to simulate a router handling congestions with different AQM schemes.

2.5.1 Direct Code Execution

Direct Code Execution (DCE) is a feature of NS-3 [2]. DCE allows a user to run real-world
kernel code libraries on the simulated devices. Using original kernel code allows the use of the
real world protocol implementations. This should give a more realistic behaviour of the different
algorithms in the simulation.
For our simulations we used the linux kernel version 4.7.0 -rc5 [4].

2.5.2 Link Models

In NS-3, different link models can be used for simulations. With these models, different kinds of
networks can be simulated. For our simulations we used the static link model and the LTE link
model.

Static Link Model

The static link model simulates a point-to-point link that is statically defined by a bandwidth and
a delay. [1]

LTE Model

The LTE model allows simulations of an LTE network [3]. For our simulations, the important
aspects of the model are the bearers and the bearer scheduling.

In LTE, there are so-called bearers. Simplified, bearers are virtual channels. For every user
device in an LTE network a default bearer is opened but additional dedicated bearers can be
added. Dedicated bearers can be used to separate specific traffic like for example voice over IP.
The LTE model of NS-3 simulates this bearer system and allows a user to add his own bearers
depending on what he wants to simulate. Each bearer maintains its own queue.

Bearers have to be scheduled for transmission by the LTE network.
NS-3 has different schedulers implemented. For our simulations, we used the proportional fair
scheduler. The proportional fair scheduler calculates a priority for each bearers according to
Equation 2.14 where R_i is the achievable throughput of bearer i in the coming time slot and
T_i is the achieved throughput in the past of bearer i. T_i is calculated using an exponentially
weighted moving average.
The bearers are scheduled with these calculated priorities.
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priority_bearer_i =
R_i
T_i

(2.14)

2.6 Jain’s Fairness Index

Jain’s fairness index is a measure for how fair bandwidth was distributed between multiple flows
[18]. It is calculated with from the throughputs achieved by the individual flows. The calculation
can be seen in Equation 2.15 where n is the total number of flows and t_i is the throughput of
flow i.

jain_fairness_index =
(
∑n
i=0 t_i)

2

n ∗ (
∑n
i=0 t_i2)

(2.15)

Jain’s fairness index is bounded between 0 and 1. The distribution was absolutely fair if the
index equals one.
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Simulation

3.1 AQM Implementations

For our simulations, we implemented different algorithms and AQM schemes in order to
evaluate their performance in different scenarios. We implemented three groups of algorithms.
The simplest implementations use a single queue with an AQM. Their results should show
how established algorithms perform in our simulations and serve as a reference for the other
implementations.
Some more complex algorithms use two queues where low-latency and classic traffic can be
separated. Both queues run independent AQM schemes without coupling. The two queues are
scheduled with a weighted round robin scheduler. These implementations are simplifications
of the proposed DualQ Coupled AQM described in Section 2.4.2. For one, their results should
show the change in performance between separated treatment and Single Queue AQM imple-
mentations. And furthermore, these results should show how the additional step of coupling
and priority scheduling does further change the performance.
The most complex implementations are the DualQ Coupled AQM implementations described
in Section 2.4.2. Based on these results we want to evaluate the performance of this proposed
algorithm.

3.1.1 Single Queue AQM

The Single Queue AQM implementations work like a classic buffer. Incoming packets are stored
in a FIFO queue until they can be passed on. Packets are treated equally independent of their
traffic class. We implemented the Single Queue AQM with RED and PIE described in Section
2.3.1 and 2.3.3.

In early simulations we saw that DualQ Coupled AQM could keep queuing delays in the order
of a few milliseconds. Since the Single Queue AQM implementations would have to compete
with that, we decided to use a target delay of five milliseconds.

Since these implementations do not separate low-latency and classic flows, the Single Queue
AQM implementations can only work fairly if all flows use either classic or scalable congestion
controls (See Section 2.2.3). And since current traffic in the internet uses classic congestion
controls, the low-latency flows must do that as well. Therefore, classic congestion controls were
used on all flows in the simulations with Single Queue AQM.

Single Queue AQM with RED

NS-3 already contains an implementation of RED but we implemented our own. The reasons
were that the out-of-the-box implementation did not support ECN and that we wanted to have an
exact implementation of RED as it is in [12]. We implemented RED according to that description.
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The parameters for RED were set according to the recommendations in [12] and our own ex-
perimental simulations. The maximum drop probability was set to 0.02 or 2% as recommended.
Since RED does not take a target delay as parameter, we experimentally determined the
thresholds that would correspond to the target of five milliseconds. To reduce the number of
parameters, we decided to use a minimum threshold of one third the maximum threshold. The
experimental simulations were made for a single Reno-controlled flow and the link speed used
in the simulations.
This resulted in a maximum threshold of 34 packets. Dividing by three resulted in a minimum
threshold of 11 packets.

Single Queue AQM with PIE

NS-3 also already contains an implementation of PIE but again we implemented our own.
Again, the reasons were that the included NS-3 implementation did not support ECN and that
we wanted an exact implementation according to [22]. Our implementation of PIE followed that
description. For our PIE implementation, we used timestamps to determine the queue delay
and not an estimation through dequeuing rate and queue length.

The parameters for PIE were set according to the recommendations in [22] except for the target
queue delay and the update period of the drop probability. Like for Single Queue RED, the
target queue delay was set to five milliseconds and the update period as well.
The update period was reduced since the recommended one would have been higher than the
target delay. Early simulations showed that PIE could keep the target better with a reduced
update period. The update period was set equal to the target delay since it is equal to the target
delay in [22] as well.

3.1.2 Dual Queue Uncoupled AQM

The Dual Queue Uncoupled AQM implementations work with two FIFO queues with one for
the classic traffic and one for the low-latency traffic. Like in [26], we use the ECT(1) code-point
as a class identifier. Incoming packets were separated into the two queues based on the
ECT(1) code-point. The two queues were scheduled with a weighted round robin scheduler.
The weight was assigned according to the number of flows in each class. The flow numbers
are not determined by the queues themselves but given to them as an argument. An actual
implementation would have to determine the numbers by itself. For the Dual Queue Uncoupled
AQM implementations we also used the AQM schemes RED and PIE described in Sections
2.3.1 and 2.3.3.

Both queues ran independent instances of the same AQM.
For the low-latency queue, a low target queue delay was set in order to serve the low latency
requirement. Again, since the AQM would have to compete with DualQ Coupled AQM, this
delay was set to five milliseconds.
The classic queue AQM was set up with a high target queue delay in order to achieve high
throughput. Also, we saw in early simulations that a high classic target delay improved the
performance of the low-latency AQM. When the target delay of the classic queue AQM was set
too low, the classic queue often got empty in which case the low-latency queue received more
throughput. Once the low-latency queue received more throughput, the low-latency senders
increased their sending rate. When the classic queue then filled again and reclaimed the
throughput, the increased sending rate leading to longer queue and increased delay.
Therefore, the classic target delay was set so high that the classic queue delay should never
run empty.

Since these implementations did separate low-latency and classic traffic, scalable congestion
control could be used on the low-latency flows. Since the throughput was distributed by the
scheduler, the scalable congestion control flows in the low-latency queue could not starve
the classic congestion control flows in the classic queue. So classic and scalable congestion
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control could coexist.

Dual Queue Uncoupled AQM with RED

For Dual Queue Uncoupled AQM with RED, we again used the basic RED implementation from
[12]. The difference was that here we ran two instances of the algorithm in parallel. Since RED
does not hold a state, the only difference between the instances were the parameters.

Like in the Single Queue AQM implementations, the parameters were set according to the rec-
ommendations in [19] and our own experimental simulations. For both instances, the maximum
drop probability was set to 0.02 or 2% as recommended.
The minimum and the maximum threshold for the low-latency instance were again determined
experimentally. And like in Single Queue RED, we used a ratio of 1:3 between minimum and
maximum threshold to simplify the determination. Since the average queue length in RED is
different for scalable and classic congestion control, we ran additional simulations for a single
DCTCP controlled flow. Based on these simulations we set the thresholds corresponding to a
target delay of five milliseconds.
The base minimum and maximum thresholds for classic congestion controls were like in the
Single Queue AQM implementation 11 and 34 packets. The simulations showed that the base
maximum threshold for scalable congestion control should be five packets and the minimum
threshold therefore two packets.
The weighted round robin scheduler assigned throughput according to the flow counts and the
delays do also depend on the throughput beside the queue length. Therefore, the resulting
values were scaled in each simulation for the expected throughput of the low-latency traffic.
Equation 3.1 shows the scaling.

max_thresh_low_latency = max(
low_latency_flows

low_latency_flows+ classic_flows
∗ base_max_thresh, 1)

min_thresh_low_latency = min(
max_thresh_low_latency

3
,max_thresh_low_latency − 1)

(3.1)

The minimum and the maximum threshold for the classic AQM instance needed to be set to
high values in order to keep the throughput high and the classic queue full. Therefore, the
minimum and maximum threshold were set to 100 and 300 packets.

Dual Queue Uncoupled AQM with PIE

For Dual Queue Uncoupled AQM with PIE, we again used the same basic PIE implementation
described in Section 2.3.3. Again, two instances of the algorithm were run in parallel. Here, the
difference included state variables aside from the parameters.

Like in the Single Queue AQM implementation, the parameters were set according to the
recommendations from [22] with the exception of the target queue delay and the update period.
For the low-latency instance, the target delay and the update period was again set to five
milliseconds.
The target delay of the classic AQM instance was set to 500 milliseconds to achieve high
throughput and keep the classic queue full. For the classic instance, the update period was
taken from the recommendations in [22] since it was still lower than the target delay.

3.1.3 DualQ Coupled AQM

DualQ Coupled AQM was implemented as described in Section 2.4.2. We implemented three
versions of this algorithm.
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Proposed Implementations

[26] contains two proposed implementations for DualQ Coupled AQM. One is using PI2 and the
other is using CRED.

The proposed implementation using PI2 is a fully elaborated algorithm that we implemented
according to the pseudo code from [26].

The proposition using CRED is not as elaborate. Our implementation follows the pseudo code
from [26] aside from three points.
First, the proposed pseudo code does not allow to use ECN marking in the classic queue. For
our implementation we decided to add this option.
Second, the proposition mentions two mechanism to determine the queue delays. One is the
use of timestamps, the other is a delay estimation based on the queue length and the dequeuing
rate. But it is not specified, which one should be used. We decided to use timestamps.
And third, we think that there is an error in the pseudo code concerning the drop probability cal-
culation. The drop probability calculation from [26] does not satisfy the throughput equivalence
equation described Section 2.4.2. This drop probability calculation is shown in Equation 3.2.

classic_drop_probability = (
Q_C

2classic_scaling_factor )
2

l4s_drop_probability =
classic_queue_delay
2l4s_scaling_factor

(3.2)

In steady state, the exponentially weighted moving average QC should approximate the current
queuing delay. And according to [26], l4s_scaling_factor = classic_scaling_factor + log2K.
This results in the drop probabilities and coupling shown in Equation 3.3.

classic_drop_probability = (
classic_queue_delay
2classic_scaling_factor )

2

l4s_drop_probability =
classic_queue_delay

2classic_scaling_factor+log2K

=
classic_queue_delay

2classic_scaling_factor ∗K

⇒ classic_drop_probability = (l4s_drop_probability ∗K)2

(3.3)

In order for the drop probabilities to satisfy the equivalence equation, the L4S scaling factor
needs to be classic_scaling_factor − log2K instead of classic_scaling_factor + log2K. We
assume this is a sign error in [26].
For our implementation, we changed the calculation to satisfy the equivalence equation.

DualQ Coupled AQM with PIE

Additionally to the two proposed implementations, we implemented a third version based on
the PIE algorithm described in 2.3.3. The basic design was still the one of DualQ Coupled AQM
from with two queues, priority scheduling, identifier and coupling.

For this implementations we used the unchanged drop probability calculation function of PIE
described in Section 2.3.3.



3.2 Kernel Modifications 27

The enqueuing function was changed to be able to serve two queues. After checking whether
the queues still have free space, the incoming packets were classified based on the ECT(1)
code-point.
After the classification, the drop decision was made. Classic packets were dropped or marked
according to the classic PIE scheme. L4S packets were marked randomly with the L4S drop
probability which was equal to the square root of the classic drop probability times the scaling
factor. Equation 3.4 shows the calculation of the L4S drop probability. Also, L4S packets were
marked deterministically if the queue delay and the queue length exceeded certain thresholds.
This deterministic marking and its thresholds were borrowed from the proposed implementation
with PI2 in [26].

l4s_drop_probability =
√
classic_drop_probability ∗K (3.4)

If the incoming packet was not dropped, it was enqueued in the respective queue.

The dequeuing function implemented a strict priority scheduling in favour of the L4S queue.

The queue delays were determined using timestamps.

3.2 Kernel Modifications

For our simulations we used the linux kernel version 4.7.0-rc5 [4]. For the purpose of this
simulation, we made some modifications to the kernel code.

The first modification concerns the ECN behaviour. We changed the kernel code to use ECT(1)
instead of ECT(0) in order to mark traffic as low-latency traffic. This modification was used for
the low-latency and L4S senders.

The second modification concerns the congestion control. DCTCP is already implemented
in [4]. But since we wanted to compare the AQM schemes with another scalable congestion
control, we additionally implemented Relentless [21].
Our implementation was based on the existing DCTCP implementation [4]. Most of the DCTCP
code was left as it is. The reduction function was changed to reduce the congestion window
by half a packet for every received ECN feedback. If an ECN feedback acknowledged multiple
packets, the reduction was increased accordingly.
[21] recommends a reduction by one packet for every received ECN feedback but we wanted to
tune Relentless to approximately the same sensitivity as DCTCP. DCTCP halves its congestion
window when all packets in a round-trip-time are marked [7]. With a reduction of half a packet
per ECN feedback, Relentless is similarly sensitive.

3.3 Simulation Network

3.3.1 Static Link Model

The first simulations used the static link model described in Section 2.5.2 for the simulation
network. These simulations should provide insight into of the performance that these AQM
schemes would have in a wired network.
We set up our simulation network with bandwidths of 1 gigabit per second on the access links
and 10 megabits per second on the congested link. The base round-trip-time, was set to 100
milliseconds.

For the simulations with the static link model, we implemented all the AQM schemes mentioned
in Section 3.1.



28 CHAPTER 3. SIMULATION

Figure 3.1: Static link simulation network

Figure 3.1 shows the static link network used for the simulations.

3.3.2 LTE Network

The second simulations used the LTE link model described in Section 2.5.2 for the congested
link. These simulations should demonstrate the performance of the AQM schemes in a mobile
network.
For these simulations, the parameters of the congested link were defined by the LTE model of
NS-3. We saw that the maximum bandwidth was around 17.5 megabits per second. We also
saw that the base round-trip-time of the LTE link was in the order of a few milliseconds.
The access links to the LTE base station were set up with a bandwidth of 1 gigabit per second
and a base round-trip-time of 100 milliseconds.

For these simulations, we implemented the Single Queue and Dual Queue Uncoupled AQM
schemes described in Sections 3.1.1 and 3.1.2. From the DualQ Coupled AQM schemes de-
scribed in Section 3.1.3, we could only implement the version with PIE. These implementations
were more complicated since they had to be written inside the code of the NS-3 LTE module [3]
itself.
This imposed some restrictions. For example, we could only implement AQM schemes that
work at enqueuing. The dequeuing functions were more complex since they did not simply
dequeue packet by packet but also grouped them into transmission units. If we wanted to
include AQM schemes in these functions, we would also have had to make sure that these AQM
schemes do not interfere with this grouping. This would have significantly added complexity.
Ultimately, we did not have enough time to do this.

We also used the bearer scheduling mechanisms that were already implemented in the LTE
module [3]. Due to time limits, we did not look closely into these schedulers. They were quite
complex since they had to cooperate with other elements of the LTE model. This made it more
complicated to implement our own schedulers and we did not have enough time to do this.
Therefore, we used the included proportional fair scheduler described in Section 2.5.2 instead
of the weighted round robin or priority schedulers.

Figure 3.2 shows the LTE network used for the simulations.

3.4 Simulation Scenarios

For our simulation scenarios we used several parameters. The most important ones were the
flow counts in each class. Additionally we used different congestion controls and turned ECN
on and off for the classic flows.
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Figure 3.2: LTE simulation network

The flow configurations we used were all combination of one, five and ten flows in both traffic
classes. These simulations should show how the AQM schemes perform with different flow
counts per class and different ratios of flow counts between the classes.

We also ran the simulations with different combinations of congestion controls in both the
low-latency senders and the classic senders. For the low-latency senders Reno, Cubic, DCTCP
and Relentless were used depending on what was sensible to be used for the current AQM.
For the classic senders, Reno and Cubic were used. These different simulations should show
whether the choice of congestion control has a significant impact on the performance of the
AQM schemes.

Also, we ran the simulations with ECN activated and deactivated for the classic flows. ECN
was always activated for the low-latency flows because the ECT(1) code-point was necessary
for the traffic class separation and because ECN was necessary for the scalable congestion
controls. These simulations should show, whether the using ECN on the classic flows has an
impact on the performance of the AQM schemes.

In all our simulations we used a segment size of 1502 bytes.
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Results

4.1 Metrics

For evaluating the results of our simulations we used metrics concerning the delays and the
throughput.

We evaluated the delays by looking at the maximum and the average queue delay. For the
implementations with two queues, this was extended to maximum and average queue delays of
the classic and the low-latency or L4S queue.
Since only the low-latency or L4S traffic seek low latency, the main metric in the implementa-
tions with two queues were the maximum and average low-latency or L4S queue delays.

The throughput was evaluated by looking at the link utilization and the fairness. The utilization
should show how much resources were wasted by a certain algorithm. The fairness should
show, how fairly the available bandwidth was distributed between the two traffic classes.
In order to measure the fairness, we used Jain’s fairness index described in Section 2.6. For
the calculation of the index we assumed that within the traffic classes, the throughput was
assigned fairly.

For our purposes we modified the fairness index. In Jain’s classic fairness index, it is not shown,
which class got more throughput in the case of unfairness. Therefore, we changed the index
depending on which class received more throughput.
When the classic traffic class received more throughput, the fairness index was left as it is.
When the low-latency or L4S traffic class received more throughput, the sign of the index was
flipped and two was added to it. This modified index is still the fairest when it is close to one.
But it shows now which class received more throughput depending if it is below or above one.
Equation 4.1 shows the calculation performed when the low-latency or L4S class received more
throughput.

modified_jain_index = (2− jain_index) (4.1)

4.2 Static Link Simulations

This section discusses the results from our simulations in the static link network.

In the following passages, we only use examples to visualize our findings. The full data and all
plots can be found in Appendices A.1 and B.1.
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4.2.1 Single Queue AQM

In our simulations, we saw that Single Queue PIE achieved the target delay of 5 milliseconds
only for two total flows. For more flows, the average queue delay increased, up to a maximum
of 8.8 milliseconds.
Single Queue RED missed the target delay for all flow combinations. The lowest average queue
delays were achieved with only two flows, having been between 7.8 and 11 milliseconds. For
more flows, the average queue delays went up to between 18 and 28 milliseconds.
Like the average queue delays, the maximum queue delays in both single queue AQM were
the lowest for two flows and went up for more flows. And like for the average queue delay, PIE
achieved lower maximum queue delays than RED.
We think the reason for this is that the target delay of five milliseconds translates to a too small
queue size. With a segment size of 1502 bytes and a bandwidth of 10 megabits per second,
one packet takes about 1.2 milliseconds to transmit. This means that a queue of more than
four packets already exceeds the target delay. This gives the AQM too little space to work,
especially for higher flow counts.

By trying to reach such a low delay, the single queue AQM often underutilized the link. RED
was loosing up to 14.5% utilization and PIE up to 17.5%.
In most cases, the available bandwidth was shared fairly between the flows with the exception
of ECN unfairness (See Section 2.1) that occurred when using RED.

Influence of Flow Counts

In general, the queue delays in Single Queue AQM schemes increased with the number of
flows. The main increase in delay was from two to six flows. Above six flows, the increase
slowed down.

Also, ECN unfairness in RED became more severe with increasing classic flow counts. We
think, this comes from the increasing size and frequency of spikes due to more flows. These
spikes would cause the queue to exceed the maximum threshold (See Section 2.3.1). In that
case, the drop probability would be 100% leading to more severe ECN unfairness.
Activating ECN also lead to an increase in maximum queue delay. We think this is because
unlike dropped packets, marked packets were enqueued anyway, adding to the queue length
and delay.

The Figures 4.1 and 4.2 show the resulting metrics from simulations with Single Queue AQM
across all flow count combinations. These plots should visualize the influence of the flow
counts. We chose the results from the simulations with Cubic as examples. The results from
the simulations with Reno showed similar effects.

Influence of TCP Settings

When ECN was deactivated on the classic links, single queue RED encountered ECN unfair-
ness.
Activating ECN also generally lead to an increase in maximum delay since the packets that
would be dropped without ECN are marked and enqueued anyway, increasing the delay.

Using Cubic instead of Reno as congestion control decreased the maximum delays and
increased the utilization.
We think the reason for this was the different growth function of cubic. Since the bandwidth
was quite stable, the Cubic algorithm (See Section 2.2.1) only rarely reached the phase of fast,
exponential growth. Therefore, the congestion window of Cubic was growing slower around the
saturation point than that of Reno. This lead to lower peaks in queue length and queue delay.
Also, Cubics initial fast growth in the concave phase brought up the congestion window faster
than the linear growth of Reno leading to higher utilization.
The Figures 4.3a and 4.3b show examples of congestion window traces from our single queue
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Figure 4.1: Average and maximum queue delays, link utilization and modified Jain index over
all flow count combinations for the Single Queue AQM simulations using Cubic on all flows and
activating ECN on the classic flows

Figure 4.2: Average and maximum queue delays, link utilization and modified Jain index over
all flow count combinations for the Single Queue AQM simulations using Cubic on all flows and
deactivating ECN on the classic flows
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(a) Congestion window trace of a simulation
with Reno

(b) Congestion window trace of a simulation
with Cubic

Figure 4.3: Comparison of the congestion windows of Reno and Cubic from our Single Queue
PIE simulations

PIE simulations using Reno and Cubic. They show the aforementioned differences between
Cubic and Reno.

Figure 4.4 shows the resulting metrics from simulations with Single Queue AQM across all
available TCP settings. These plots should visualize the influence of the TCP settings. We
chose the results from the simulations with 5 low-latency and 5 classic flows as an example.
The results from the simulations with other flow configurations showed similar effects.

4.2.2 Dual Queue Uncoupled AQM

Unlike in Single Queue AQM, scalable congestion control could be used for the low-latency
flows in Dual Queue Uncoupled AQM. In our simulations with Dual Queue Uncoupled AQM we
also looked at the the difference that scalable congestion control can make.

With classic congestion control, the PIE implementations also only achieved the low-latency
target delay of 5 milliseconds when there were only 2 flows. For more flows, the average
low-latency queue delay increased, up to a maximum of 23 milliseconds.
The RED implementation could never keep the low-latency target delay. With only two flows,
the average low-latency queue delay was the lowest between 8.3 and 12 milliseconds. For
more flows, the average low-latency queue delay increased to between 18 and 25 milliseconds.
For PIE and RED, the maximum low-latency queue delays were also the lowest for only two
flows and increased for more.

With scalable congestion control, the average low-latency queue delays of PIE were very
similar to the ones with classic congestion control. But the maximum low-latency queue delay
tended to be smaller with scalable than with classic congestion control.
The low-latency queue delays in the RED implementation were significantly smaller when
using scalable congestion control. Now, RED was sometimes able to keep the low-latency
target delay, especially for low flow counts. But the RED implementation still had cases
where the average low-latency queue delay went up to 17 milliseconds. And like in the PIE
implementations, scalable congestion control resulted in lower maximum low-latency queue
delays than classic congestion control in Single Queue RED.

The average and maximum queue delays of the classic queue were in the order of hundreds
or sometimes thousands of milliseconds for both PIE and RED as well as classic and scalable
congestion control. These high delays came by design. The AQM of the classic queue has a
very high target delay in order to kept it at a high filling level. This high filling level should keep
the classic queue from running empty, allowing it to use all available bandwidth, serving its goal
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Figure 4.4: Average and maximum queue delays, link utilization and modified Jain index over all
available TCP settings for the Single Queue AQM simulations with 5 low-latency and 5 classic
flows

of high throughput.

By design, both implementations achieved almost full link utilization for classic and scalable
congestion control. The lowest link utilization was 99.88%. Dual Queue Uncoupled AQM was
designed to achieve full link utilization by keeping the classic queue from running empty. So
when the low-latency queue had to give up bandwidth in order to achieve its target delay, the
classic queue could absorb it.
Because of that, the important metric concerning throughput was the allocation. With both
scalable and classic congestion control, this allocation was fair in most cases.

Influence of Flow Counts

The low-latency queue delays generally increased with the number of flows. Additionally, the
low-latency delays increased when there were more classic than low-latency flows.
We think, this is an effect of the weighted round robin scheduler. When the low-latency class
had less flows than the classic class, then it also got scheduled less often. This lead to longer
intervals between dequeues and therefore higher delays.

In cases where there were more low-latency than classic flows, the low-latency queue delay
was generally the lowest. But in these cases, the low-latency queue was often also not able
to fully use the assigned throughput. Since this bandwidth was not lost but absorbed by the
classic queue, this did not lead to a lower utilization but to unfairness.
We think the reason for this is that with higher numbers of flows, the low-latency class received
more throughput which made it easier to achieve its target delay. But often, when the target
delay went down the fairness did as well. Also, the choice of congestion control had a significant
influence on this.

Figure 4.5 shows the resulting metrics from simulations with Dual Queue Uncoupled AQM
across all flow count combinations when using classic congestion controls on the low-latency
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Figure 4.5: Average and maximum queue delays, link utilization and modified Jain index over
all flow count combinations for the Dual Queue Uncoupled AQM simulations using Cubic on all
flows and activating ECN on the classic flows

flows. Figure 4.6 shows the same for when using scalable congestion controls on the low-
latency flows. These plots should visualize the influence of the flow counts. We chose the
results from the simulations with Cubic, DCTCP and ECN activated as examples. The results
from the simulations with other congestion controls or ECN deactivated showed similar effects.

Influence of TCP Settings

When using classic congestion control, both RED and PIE showed the aforementioned problem
of unfairness. With Reno, this unfairness was in most cases more severe than with Cubic. And
Cubic also tended to achieve lower maximum low-latency queue delays.
We think, the reason for this is the same as in the Single Queue AQM.
Figures 4.7a and 4.7b show examples of low-latency sender congestion window traces from
our Dual Queue Uncoupled RED simulations using Reno and Cubic. Like in the Single Queue
AQM case, the differences leading to lower maximum delay and higher utilization can be seen
in these plots.

When using scalable congestion control, the aforementioned problem with unfairness persists
for RED when Relentless is used. For PIE and for RED with DCTCP, the bandwidth distribution
is always very fair.
The unfairness in RED with Relentless was in some cases even more severe than with classic
congestion controls. Apart from the difference in fairness, Relentless also reached lower
average low-latency queue delays.
We think the reason for this is that neither RED nor Relentless contain any smoothing function.
This lead to more fluctuations in the congestion window. With the limited buffer size due to delay
constraints this caused the low-latency queue to give up more throughput. This also reduced
the average queue length and therefore the average low-latency queue delay.
Figures 4.8a and 4.8b show examples of low-latency sender congestion window traces from
our Dual Queue Uncoupled RED simulations using DCTCP and Relentless. It can be seen that
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Figure 4.6: Average and maximum queue delays, link utilization and modified Jain index over
all flow count combinations for the Dual Queue Uncoupled AQM simulations using DCTCP on
low-latency flows, Cubic on classic flows and activating ECN on the classic flows

(a) Low-latency sender congestion window
trace of a simulation with Reno

(b) Low-latency sender congestion window
trace of a simulation with Cubic

Figure 4.7: Comparison of the congestion windows of Reno and Cubic from our Dual Queue
Uncoupled RED simulations
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(a) Low-latency sender congestion window
trace of a simulation with DCTCP

(b) Low-latency sender congestion window
trace of a simulation with Relentless

Figure 4.8: Comparison of the congestion windows of DCTCP and Relentless from our Dual
Queue Uncoupled RED simulations

the congestion window trace of Relentless is much less smooth than the one of DCTCP.

When scalable congestion control was used on the low-latency flows, the choice of classic
congestion control on the classic flows did not have a significant effect on the low-latency
delays or the fairness.
This makes sense since these congestion controls were only used to control the classic queue
which is kept at a high filling level anyway.

Figure 4.9 shows the resulting metrics for simulations with Dual Queue Uncoupled AQM across
all available TCP settings when using classic congestion controls on the low-latency flows.
Figure 4.10 shows the same for when using scalable congestion controls on the low-latency
flows. These plots should visualize influence of the TCP settings. We chose the results from the
simulations with 5 low-latency and 5 classic flows as examples. The results from the simulations
with other flow configurations showed similar effects.

4.2.3 DualQ Coupled AQM

In our simulations, DualQ Coupled AQM achieved very low delays in the L4S queue. The
average L4S queue delays were between 1.0 and 3.1 milliseconds for CRED, between 1.7
and 3.3 milliseconds for PI2 and between 1.1 and 2.1 milliseconds for PIE. The maximum L4S
queue delays were between 4.5 and 19 milliseconds for CRED, between 10 and 35 milliseconds
for PI2 and between 4.5 and 14 milliseconds for PIE.
While all implementations achieved similarly low average L4S queue delays. The PI2 imple-
mentation tended to reach higher maximum L4S queue delays. We think this is due to the
scheduler. While the scheduler for CRED and PIE were strict priority schedulers, PI2 used a
shifted FIFO scheduler (See Sections 2.4.2 and 3.1.3). With this non-strict priority scheduler,
the L4S queue could sometimes loose its priority leading to higher maximum delays.

The classic queue delays in the DualQ Coupled AQM simulations were lower than the ones in
the Dual Queue Uncoupled AQM simulations.
The average classic queue delays were between 7.6 and 86 milliseconds for CRED, between
15 and 19 milliseconds for PIE and between 16 and 36 milliseconds for PIE. The maximum
classic queue delays were between 37 and 350 milliseconds for CRED, between 39 and 62
milliseconds for PIE and between 50 and 325 milliseconds for PIE.
Note again that, the CRED and PIE implementations reached similar delays in the classic
queue but the PI2 implementation did not. Like for the L4S queue delays, we think the reason
for this was the non-strict priority scheduling of PI2 that sometimes suspended the priority of
the L4S queue.
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Figure 4.9: Average and maximum queue delays, link utilization and modified Jain index over all
available TCP settings for the Dual Queue Uncoupled AQM simulations with 5 low-latency and
5 classic flows when using classic congestion control on all flows

Figure 4.10: Average and maximum queue delays, link utilization and modified Jain index over
all available TCP settings for the Dual Queue Uncoupled AQM simulations with 5 low-latency
and 5 classic flows when using scalable congestion control on low-latency flows on low-latency
flows
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Classic Flow Combination
Congestion [L4S Flows : Classic Flows]

Control 1:1 1:5 1:10 5:1 5:5 5:10 10:1 10:5 10:10
Cubic 39 49 54 43 48 50 48 45 47
Reno 41 56 61 44 54 60 50 54 61

Table 4.1: Maximum classic queue delay in milliseconds from the DualQ Coupled PI2 simula-
tions using DCTCP and activating ECN on the classic flows

In the simulations, DualQ Coupled AQM experienced losses of link utilization up to 12%. The
highest link utilization was generally achieved by CRED, followed by PI2 and PIE.
The highest losses were seen when there was only one classic flow. This makes sense since
with only one flow, the AQM is most likely to cause the classic queue to run empty.

All implementations experienced some problems in terms of fairness.
In a lot of cases, the L4S queue achieved less throughput than the classic queue. We think,
one general reason for this is the choice of the factor K that scales the drop probabilities in
the coupling. [26] recommends 2 since multiplication and division by powers of 2 is cheaply
implementable using bit shifts. But according to the throughput equations described in Section
2.2.3, the scaling factor with DCTCP should be 1.22 for Reno and 1.68 for Cubic. This puts the
L4S queue at a disadvantage.
And like with Single Queue RED, ECN unfairness occurred with the CRED implementation.

Influence of Flow Counts

With increasing L4S flow counts, all implementations encountered increasing L4S queue
delays.
In the PIE and CRED implementations, the L4S queue delays tended to decrease with
increasing classic flow counts. We think, the reason for this is that the AQM which depended
on the classic queue had to work more aggressively for more flows leading to tighter control on
the L4S queue.

In the PI2 implementation, the L4S queue delays tended to increase with the classic flow count.
We also saw that more classic flows also increased the maximum classic queue delay. We
think, this caused the L4S queue to loose the priority more often since DualQ Coupled PI2
used a shifted FIFO scheduler.
Table 4.1 shows the maximum classic queue delays from the the simulations with DualQ
Coupled PI2 when DCTCP was used on the L4S flows and ECN was activated on the classic
flows. DCTCP and activated ECN was chosen as an example. The maximum classic queue
delays were similar when using Relentless or when deactivating ECN on the classic flows. In
can be seen that the maximum classic queue delay increases with the classic flow count.

For unbalanced flow counts, the fairness tended to decrease at the expense of the class with
more flows. For CRED, this effect was seen the least. It was seen a bit stronger for PI2 and
strongest for PIE.

Also, ECN unfairness became more severe with increasing classic flow counts. Like in Single
Queue RED, we think this comes from increasing size and frequency of spikes in the classic
queue length. These spikes would cause the queue delay to exceed the slope factor (See
Section 2.3.2). In that case, the drop probability would be 100% leading to more severe ECN
unfairness.

Figures 4.11 and 4.12 show the resulting metrics from simulations with DualQ Coupled across
all flow count combinations. These plots should visualize the influence of the flow counts. We
chose the results from the simulations with DCTCP and Cubic as examples. The results from



4.2 Static Link Simulations 41

Figure 4.11: Average and maximum queue delays, link utilization and modified Jain index over
all flow count combinations for the DualQ Coupled AQM simulations using DCTCP on L4S flows,
Cubic on classic flows and activating ECN on the classic flows

the simulations with other congestion controls showed similar effects.

Influence of TCP Settings

When ECN was deactivated on the classic links, the implementations with CRED encountered
ECN unfairness (See Section 2.1).

In PI2 and for larger classic flow counts, using Cubic instead of Reno on the classic flows
tended to result in lower maximum L4S queue delays. We saw that the in these cases, the
maximum classic queue delay was also lower. And since the PI2 implementations uses a
shifted FIFO scheduler, we assume that the L4S queue less often lost the priority when classic
queue delays were lower.
We think the reason for the lower classic queue delays was the same as in Single Queue and
Dual Queue Uncoupled AQM cases.
Table 4.1 shows the maximum classic queue delays from the the simulations with DualQ
Coupled PI2 when DCTCP was used on the L4S flows and ECN was activated on the classic
flows. DCTCP and activated ECN was chosen as an example. The maximum classic queue
delays were similar when using Relentless or when deactivating ECN on the classic flows.

Just as for Dual Queue Uncoupled AQM, Relentless also achieved lower delays than DCTCP.
But Relentless also gave up more throughput. Like in the Dual Queue Uncoupled AQM cases,
we think that the reason is the lack of a smoothing function leading to large fluctuations in the
congestion window.
Figures 4.13a and 4.13b show examples of low-latency sender congestion window traces from
our DualQ Coupled PI2 simulations using DCTCP and Relentless. It can be seen that the
congestion window trace of DCTCP is smoother than the one of Relentless.

Figure 4.14 shows the resulting metrics from simulations with DualQ Coupled AQM across
all available TCP settings. These plots should visualize the influence of the TCP settings. We
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Figure 4.12: Average and maximum queue delays, link utilization and modified Jain index over
all flow count combinations for the DualQ Coupled AQM simulations using DCTCP on L4S flows,
Cubic on classic flows and deactivating ECN on the classic flows

(a) Low-latency sender congestion window
trace of a simulation with DCTCP

(b) Low-latency sender congestion window
trace of a simulation with Relentless

Figure 4.13: Comparison of the congestion windows of DCTCP and Relentless from our DualQ
Coupled PI2 simulations
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Figure 4.14: Average and maximum queue delays, link utilization and modified Jain index over
all available TCP settings for the DualQ Coupled AQM simulations with 5 low-latency and 5
classic flows

chose the results from the simulations with 5 low-latency and 5 classic flows as an example.
The results from the simulations with other flow configurations showed similar effects.

4.2.4 Comparison

In our simulations we saw that Single Queue AQM could reach a low target delay only for low
flow counts. And by trying to achieve a low delay, they sacrificed link utilization.
Also, the ECN unfairness that was discovered, poses a problem for the use of ECN in Single
Queue RED.

Dual Queue Uncoupled AQM also often exceeded the target delay when using classic con-
gestion control on the low-latency flows. Compared to the Single Queue AQM, Dual Queue
Uncoupled AQM in some cases even had higher delays, especially in cases with more classic
than low-latency flows. As stated above, we think this is an inherent problem of the scheduler.
Switching to scalable congestion control reduced the delays in Dual Queue Uncoupled AQM,
especially for the RED implementation. But in cases with more classic than low-latency flows,
the problem with the scheduler persisted.
The delays of the classic queue were quite high, in the order of hundreds and sometimes
thousands of milliseconds. This was to be expected due to the design of Dual Queue Uncoupled
AQM.
But, unlike the Single Queue AQM, Dual Queue Uncoupled AQM achieved almost full link
utilization. Here, the problem concerning throughput was the fairness. Like in the Single Queue
AQM, once the low-latency queue achieved a lower delay, it had to give up throughput. This
throughput was absorbed by the classic queue and lead to unfairness.
Some scalable congestions control partially solved this problem as they should (See Section
2.2.3). With DCTCP, the bandwidth allocation was quite fair in all cases. Relentless also
achieved a quite fair allocation with PIE. But with RED, Relentless in some cases even
deteriorated the fairness.
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The DualQ Coupled implementations were able to achieve very low L4S queue delays. Its L4S
queue delays were lower than the delays in Single Queue AQM or the low-latency queue delays
in Dual Queue Uncoupled AQM. Also, the delays of the classic queue were lower in DualQ
Coupled AQM than the ones in Dual Queue Uncoupled AQM.
But DualQ Coupled AQM had to sacrifice link utilization, unlike Dual Queue Uncoupled AQM.
And like in the Single Queue RED, the ECN unfairness spotted in DualQ Coupled CRED poses
a problem for the use of ECN. But unlike in Single Queue AQM, the use of ECN is necessary
for DualQ Coupled AQM.

4.3 LTE Link Simulations

In this section we discuss the results from the simulations in the LTE network. Due to imple-
mentation restrictions, a proportional fair scheduler was used on all implementations with two
queues. Since DualQ Coupled AQM requires a priority scheduler, the significance of its results
in these simulations are limited.
Due to time constraints, our knowledge of this scheduler is limited to the general idea. We did
not have time to look into the implementation in the LTE model of NS-3 [3].
Also, the bandwidth of the congested link was defined by the LTE model. We saw that this
bandwidth was 17.53 megabits per second.

In the following passages, we only use examples to visualize our findings. The full data and all
plots can be found in Appendices A.2 and B.2.

4.3.1 Single Queue AQM

The the Single Queue AQM implementation in some cases achieved the target delay. The
average delays were between 5.1 and 8.5 milliseconds for PIE and between 5.4 and 9.8
milliseconds for RED. The maximum delays were 18 and 46 for PIE and between 11 and 34 for
RED.
Compared to the static link simulations, PIE achieved similar delays in both networks. RED
achieved lower delays in the LTE network than in the static link network. We think the reason for
this is that due to the higher bandwidth, the target delay is easier to keep since the serialization
time of a packet decreases.

But due to these low delays, the link was often underutilized due to the queue running empty.
Here, the losses were larger than in the static link network. PIE suffered losses up to 34% and
RED up to 64%.
Like in the static link network, the bandwidth was shared fairly in most cases with the exception
of ECN unfairness in RED (See Section 2.1).

Influence of Flow Counts

In the simulations with PIE, the flow counts did not show any clear influence on the queue
delays. In the ones with RED, the delays tended to increase with the number of flows.

The utilization tended to increase with the flow counts, especially when increasing from two to
six flows.

The Figures 4.15 and 4.16 show the resulting metrics from simulations with Single Queue
AQM across all flow count combinations. These plots should visualize the influence of the flow
counts. We chose the results from the simulations with Cubic as examples. The results from
the simulations with Reno showed similar effects.
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Figure 4.15: Average and maximum queue delays, link utilization and modified Jain index over
all flow count combinations for the Single Queue AQM simulations using Cubic on all flows and
activating ECN on the classic flows

Figure 4.16: Average and maximum queue delays, link utilization and modified Jain index over
all flow count combinations for the Single Queue AQM simulations using Cubic on all flows and
deactivating ECN on the classic flows
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Figure 4.17: Average and maximum queue delays, link utilization and modified Jain index over
all available TCP settings for the Single Queue AQM simulations with 5 low-latency and 5 classic
flows

Influence of TCP Settings

Like in the static link network, deactivating ECN on the classic link lead to ECN unfairness.
Activating ECN also lead to an increase in maximum queue delay. Like in the static link network,
we think this is because unlike dropped packets, marked packets were enqueued anyway,
adding to the queue size and delay.

Figure 4.17 shows the resulting metrics from simulations with Single Queue AQM across all
available TCP settings. These plots should visualize the influence of the TCP settings. We
chose the results from the simulations with 5 low-latency and 5 classic flows as an example.
The results from the simulations with other flow configurations showed similar effects.

4.3.2 Dual Queue Uncoupled AQM

The results from these simulations differed from the simulations in the static link network. We
assume, the reason for this is that here a the proportional fair scheduler was used instead of a
weighted round robin.

Here, Dual Queue Uncoupled PIE very often achieved the target delay in the low-latency
queue, independent from the use of classic or scalable congestion control on the low-latency
flows. With classic congestion control, PIE achieved an average low-latency queue delays
between 5.0 and 6.6 milliseconds and with scalable congestion control between 4.8 and 5.9
milliseconds. The main difference between scalable and classic congestion control for the PIE
implementation was in the maximum low-latency queue delay. It decreased from between 23
and 50 milliseconds to between 8 and 34 milliseconds when scalable congestion control was
used.
With the RED implementations, the target delay was only achieved in a few specific flow
combinations. Furthermore, the average low-latency queue delay tended to be larger for
scalable congestion control having been between 1.2 and 19 milliseconds for classic and
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between 1.3 and 30 milliseconds for scalable congestion control. The use of scalable or classic
congestion control had no significant impact on the maximum low-latency queue delay.

Like in the static link network simulations, the classic queue delays were in the order of
hundreds of milliseconds. But again, this comes by design.

Compared to the static link network simulations, Dual Queue Uncoupled AQM tended to
achieve lower delays. We think, there are two reasons for this. First, as in the Single Queue
AQM case, the total bandwidth was higher so the transmission time per packet want down.
Second, it seems like the scheduler assigned disproportionally much throughput to one traffic
class if it had less flows than the other. We think, this lead to shorter dequeuing intervals.

As in the static link model, Dual Queue Uncoupled AQM achieved almost always full link
utilization. The fairness depended on the flow counts.

Influence of Flow Counts

The main observation concerning flow counts was, that the proportional fair scheduler (See
2.5.2) assigned disproportionally much throughput to one traffic class if it has less flows than
the other.
This lead to a number of other effects.

First, the low-latency queue delays in RED depended on the ratio between the low-latency and
the classic flow count. If there were more classic than low-latency flows, the delays were lower.
And f there were more low-latency than classic flows, the delays were higher.
We think, the reason for this are the RED parameters and the scheduler. The thresholds of
RED were set using base values that were scaled according to the expected throughput (See
Section 3.1.2). And the expected throughput was calculated assuming a fair distribution.
In case of more classic than low-latency flows, the scheduler assigned more throughput to the
low-latency class than expected. Therefore, the thresholds were set too low, leading to a low
delay. In case of more low-latency than classic flows, the scheduler assigned less throughput
to the low-latency class than expected. In this case, the thresholds were set too high, leading
to high delays.
This is an implementation error, raising the question how significant the results of the simula-
tions with Dual Queue Uncoupled RED are.

Of course, this disproportionate assignment of throughput also lead to unfairness in favour of
the class with less flows.
And as in the static link network simulations, Dual Queue Uncoupled AQM achieved almost full
link utilization.

The low-latency queue delays of the PIE implementation were not affected by the dispropor-
tionate bandwidth distribution, since the PIE takes the target delay itself as a parameter.

Figure 4.18 shows the resulting metrics from simulations with Dual Queue Uncoupled AQM
across all flow count combinations when using classic congestion controls on the low-latency
flows. Figure 4.19 shows the same for when using scalable congestion controls on the
low-latency flows. These plots should visualize the influence of the flow counts. We chose
the results from the simulations with Cubic, DCTCP and ECN activated on classic flows as
examples. The results from the simulations with other congestion controls or ECN deactivated
on classic flows showed similar effects.

Influence of TCP Settings

In the case where scalable congestion control was used on the low-latency link, we saw some
differences between Relentless and DCTCP.
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Figure 4.18: Average and maximum queue delays, link utilization and modified Jain index over
all flow count combinations for the Dual Queue Uncoupled AQM simulations using Cubic on all
flows and activating ECN on the classic flows

Figure 4.19: Average and maximum queue delays, link utilization and modified Jain index over
all flow count combinations for the Dual Queue Uncoupled AQM simulations using DCTCP on
low-latency flows, Cubic on classic flows and activating ECN on the classic flows
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Figure 4.20: Average and maximum queue delays, link utilization and modified Jain index over
all available TCP settings for the Dual Queue Uncoupled AQM simulations with 5 low-latency
and 5 classic flows when using classic congestion control on all flows

For PIE, Relentless tended to lead to higher maximum low-latency queue delays than DCTCP.
But we saw no difference in the average low-latency queue delay or the throughput between
DCTCP and Relentless.
For RED, the low-latency class tended to achieve a lower average delay with Relentless than
with DCTCP. At the same time, Relentless often also caused the low-latency class to give up
more throughput.
We assume, the reasons for this are the same as in the static link model.

Figure 4.20 shows the resulting metrics from simulations with Dual Queue Uncoupled AQM
across all available TCP settings when using classic congestion control on the low-latency
flows. Figure 4.21 shows the same for when using scalable congestion control on the low-
latency flows. These plots should visualize the influence of the TCP settings. We chose the
results from the simulations with 5 low-latency and 5 classic flows as examples. The results
from the simulations with other flow configurations showed similar effects.

4.3.3 DualQ Coupled AQM

In the simulations with the DualQ Coupled AQM, we saw that DualQ Coupled AQM definitely
requires priority scheduling.

DualQ Coupled PIE achieved very low average L4S queue delays between 1.1 and 3.5
milliseconds and maximum delays between 4 and 20 milliseconds.

But this often lead to underutilization of the link with losses going up to 25%. Since the L4S
queue had to give up throughput in order to achieve the low delay, the classic queue would have
had to absorb it. Since the classic queue is also controlled by PIE, this was not always possible.
The utilization mainly increased for higher classic flow counts. We think, this is because then
the classic queue would run empty less often.
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Figure 4.21: Average and maximum queue delays, link utilization and modified Jain index over
all available TCP settings for the Dual Queue Uncoupled AQM simulations with 5 low-latency
and 5 classic flows when using scalable congestion control on low-latency flows and classic
congestion control on low-latency flows

Also here, the scheduler assigned disproportionally much throughput to the traffic class with
fewer flows. Since the L4S queue was at a fundamental disadvantage, the classic queue always
achieved a higher per-flow-throughput.

Figure 4.22 shows resulting metrics from simulations with DualQ Coupled AQM across all flow
count combinations. These plots should visualize the influence of the flow counts. We chose
the results from the simulations with DCTCP, Cubic and ECN activated on the classic flows as
examples. The results from the simulations with other congestion controls or deactivated ECN
on the classic flows showed similar effects.

The classic queue achieved average delays between 9.7 and 20 milliseconds and maximum
delays between 38 and 88 milliseconds.

Like in the static link network simulations, DCTCP achieved higher throughputs than Relentless
without any significant change in the low-latency queue delays. We think the reason for this is
the same as in the static link network.

Figure 4.23 shows the resulting metrics from simulations with DualQ Coupled AQM across
all available TCP settings. These plots should visualize the influence of the TCP settings. We
chose the results from the simulations with 5 low-latency and 5 classic flows as an example.
The results from the simulations with other flow configurations showed similar effects.

4.3.4 Comparison

We saw that the Single Queue AQM still could not achieve the target delay for higher flow
counts. And it lost utilization when low delays were achieved.
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Figure 4.22: Average and maximum queue delays, link utilization and modified Jain index over
all flow count combinations for the DualQ Coupled AQM simulations using DCTCP on L4S flows,
Cubic on classic flows and activating ECN on the classic flows

Figure 4.23: Average and maximum queue delays, link utilization and modified Jain index over
all available TCP settings for the DualQ Coupled AQM simulations with 5 low-latency and 5
classic flows
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In these simulations, Dual Queue Uncoupled PIE achieved the target delay without trading
away a high link utilization. The use of scalable instead of classic congestion control, lead to a
significant decrease in maximum low-latency queue delay. The average low-latency delay was
more or less unchanged.
Dual Queue Uncoupled RED only achieved the target delay for certain flow combinations
because of an implementation error.

DualQ Coupled AQM achieved low L4S queue delays but had to give up a lot of throughput to
do so.

4.4 Conclusion

4.4.1 AQM Schemes

In our simulations we saw that the Single Queue AQM implementations had limits concerning
achievable delays and link utilization. Low target delays could only be achieved in cases with
very few flows. For higher numbers of flows, the available queue size corresponding to the delay
seemed to be too small for AQM schemes to work on.
Also, low delays came at the cost of link utilization. This is a known problem described in Section
2.2.3.
Compared to the Single Queue AQM, Dual Queue Uncoupled AQM implementations were
able to achieve full link utilization while trying to achieve low delays in the low-latency queue.
Concerning delays, we saw that the scheduling of the two queues could cause problems. In the
static link network simulations, where we used a weighted round robin scheduler, this scheduler
lead to increased delays when there were much more classic than low-latency flows. In the
LTE network simulations, where a proportional fair scheduler had to be used, this problem was
alleviated at the cost of fairness. Other schedulers might further improve the performance of
this algorithm. Depending on the requirements, this could be seen as a better performance.
The Dual Queue Uncoupled AQM approach also allowed the use of scalable congestion
control. While a high link utilization was given by design, using classic congestion controls often
lead to the low-latency queue having to give up assigned throughput because it ran empty (See
Section 2.2.3). Using an elaborate scalable congestion control algorithm like DCTCP allowed
the low-latency queue to fully use the assigned throughput in most cases. The less elaborate
Relentless algorithm on the other hand, in some cases even deteriorated the fairness further.
In order to achieve full link utilization, the classic queue was kept full at all times. In some
cases, this lead to massive classic queue delays in the order of hundreds or thousands of
milliseconds. We think, this something that should be taken into consideration.

The DualQ Coupled AQM implementations were able to achieve very low delays. In the
LTE network simulations, we saw that the priority scheduling is a very important part of this
algorithm. Here, we had to use a proportional fair scheduler which caused the L4S queue to
give up a lot of throughput while trying to achieve the low delay.
DualQ Coupled AQM also lost utilization when the classic queue was running empty. Possibly,
this could be solved by increasing the target delays used in the AQM schemes.
Unlike with Dual Queue Uncoupled AQM, the average classic queue delays with DualQ
Coupled AQM stayed below 100 milliseconds and the maximum classic queue delays all stayed
below 350 milliseconds. This might be an advantage over Dual Queue Uncoupled AQM.

4.4.2 TCP Settings

For Single Queue AQM and Dual Queue Uncoupled AQM, we ran simulations using the classic
congestion controls Cubic and Reno. In these simulations we saw that in most cases, Cubic
achieved lower maximum delays and higher throughput than Reno.
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For Dual Queue Uncoupled and DualQ Coupled AQM, we ran simulations using the scalable
congestion controls DCTCP and Relentless. We saw that Relentless often achieved lower lower
delays than DCTCP. At the same time, DCTCP achieved higher throughput than Relentless.

The main influence of turning on ECN on the classic flows or not were the occurrences of ECN
unfairness. Aside from that, ECN caused an increase in maximum queue delays for Single
Queue AQM.
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Chapter 5

Summary and Outlook

5.1 Summary

In this work, we wanted to evaluate the performance of AQM schemes that can be used in the
internet. We wanted to find out which algorithms can achieve very low queuing delays in order
to serve the low-latency requirement that an increasing amount of applications and traffic has
today. Furthermore, we wanted to see what concessions have to be made in order to achieve
these low delays.

In order to answer these questions, we implemented different AQM algorithms for the network
simulator NS-3 and ran simulations. Based on the results from these simulations, we evaluated
the performance of the algorithms. For the first simulations we were using a static link model,
simulating a wired network. In the second, we used an LTE link model. This should give insight
into how these algorithms perform in wired and in mobile networks.

We implemented three algorithms.
The first algorithm used a single queue, controlled by a traditional AQM scheme.
The second algorithm was the DualQ Coupled AQM algorithm from [26]. It uses two queues to
separate traffic based on whether they seek low latency or not. The queue of the low-latency
traffic is scheduled with priority. A traditional AQM schemes is used for controlling the two
queues with a coupling between them.
The third algorithm was a simplification of DualQ Coupled AQM. It also separates the traffic
into two queues. Both queues run independent instances of a traditional AQM but with different
target delays. The two queues are scheduled by a weighted round robin scheduler.

In our static link network simulations, we saw that the algorithms using a single queue often
failed to achieve a low delay and that they lost link utilization by trying.
The simplification of DualQ Coupled AQM also often failed to achieve the low target delay. But
this implementation always achieved full link utilization due to its design.
DualQ Coupled AQM achieved very low delays. But this algorithm sometimes also lost link
utilization.

Our LTE network simulations were hindered by implementation issues. The DualQ Coupled
AQM algorithm could not be implemented with priority scheduling. We therefore had to use a
proportional fair scheduler. For the simplification of DualQ Coupled AQM, we also had to use a
proportional fair scheduler.
These simulations also showed that the algorithms with a single queue often failed to keep a
low target delay. And that trying to achieve it lead to underutilization of the link.
Here, DualQ Coupled also achieved very low delays but the low latency seeking traffic only
achieved little throughput. this is probably due to the lack of priority scheduling.
And the simplification of DualQ Coupled AQM was in most cases able to achieve the low target
delay which came in some cases at the cost of fairness but without loss of link utilization.
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5.2 Outlook

In the future, the DualQ Coupled AQM algorithm from [26] could be correctly implemented for
the LTE module of NS-3. This could show whether the low delays achieved using the static link
model can also be achieved in a mobile environment.

Also, Dual Queue Uncoupled AQM could be implemented with another scheduler than a
weighted round robin. Since the simulations in the LTE network with a proportional fair sched-
uler resulted in lower delays, changing the scheduler could also lead to lower delays when
using the static link model.
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Plots

A.1 Plots from Static Link Simulations
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A.2 Plots from LTE Link Simulations
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Appendix B

Data

This appendix contains the data from our simulations. Each line describes the set-up and
metrics from one simulation.

aqm denotes the AQM scheme that was used.

• sq − pie stands for Single Queue AQM with PIE.

• sq − red stands for Single Queue AQM with RED.

• dq − pie stands for Dual Queue Uncoupled AQM with PIE.

• dq − red stands for Dual Queue Uncoupled AQM with RED.

• l4s− cred stands for DualQ Coupled AQM with PIE.

• l4s− pi2 stands for DualQ Coupled AQM with RED.

• l4s− pie stands for DualQ Coupled AQM with PIE.

nLF and nCF denote, how many low-latency/L4S flows and how many classic flows were
simulated.
ccC and ccL denote the congestion controls that were used for the classic and the low-
latency/L4S flows.
utilization gives the achieved link utilization.
jainmod gives the value of the modified Jain index (See Section 4.1).
qDelayAvgC and qDelayAvgL give the average queue delays of the classic and the low-
latency/L4S queue in milliseconds.
qDelayMaxC and qDelayMaxL give the maximum queue delays of the classic and the
low-latency/L4S queue in milliseconds.
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