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Trådlösa accessmetoder för kritisk kommunikation med låga fördröjningar i dynamiska nät
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Wireless Medium Access for Critical Low-Latency Communication in Highly Dynamic Networks

Abstract (English)*
Communication that requires that the information is delivered with very high probability within a certain deadline is 
referred to as critical communication. A system where nodes move in and out of the communication range unpredictably is 
called a highly dynamic network. The main objective of this project is to analyze a promising class of medium access 
protocol, namely coded slotted ALOHA (CSA). It is believed that CSA can provide reliable low-latency communication for 
many uncoordinated users. Here CSA is applied to cooperative vehicular communications, since that is one of the most 
challenging problems in communication engineering today. The reliability for such an application needs to be very high 
and it is also necessary that the latency is low to assure traffic safety. Our suggested approach to predict the performance 
and to optimize the system is based on stopping sets, borrowed from the framework for low-density parity-check (LDPC) 
codes. The outcomes of the project are a fundamental knowledge about CSA that can also be used in other communication 
systems that require reliable low-latency communication in highly dynamic networks.

Popular scientific description (Swedish)*
Kritisk kommunikation är kommunikation där det är avgörande att informationen kommer fram till mottagaren inom en viss 
specificerad tid för att undvika allvarliga konsekvenser som till exempel kroppsskada, förlust av liv eller ekonomisk förlust. 
Dynamiska nät kan definieras som system där användare kommer och går oförutsägbart. Det är en utmaning att konstruera 
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Fordonskommunikation, där fordonen kommunicerar direkt med varandra utan att koordineras av en basstation, har just 
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skickas mellan fordonen måste komma fram med hög sannolikhet inom en viss tid för att säkerställa trafiksäkerheten och 
undvika olyckor som i värsta fall kan ha dödlig utgång. 

Kodad ALOHA är en accessmetod som uppfyller kraven för kritisk kommunikation i dynamiska nät. Syftet med det här 
projektet är att undersöka om kodad ALOHA kan användas för att uppnå de stränga kraven som fordonskommunikation 
ställer. Målet är att använda verktyg för att prediktera prestandan och även optimera parametrar i systemet så att kraven 
uppnås. Vi tror även att kodad ALOHA kan användas i andra system som har många användare och som ställer stora krav 
på hög tillförlitlighet och samtidigt låg fördröjning. Resultaten från det här projektet kan därför även användas i dessa 
system. 
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Wireless Medium Access for Critical Low-Latency
Communication in Highly Dynamic Networks

Fredrik Brännström and Alexandre Graell i Amat

1 Purpose and Aims

Critical communication applications are defined here as applications that require very high reliability, i.e.,

that data packets are delivered with very high probability within a certain deadline, to avoid serious conse-

quences (bodily injury, loss of life, severe environmental impact, or great financial loss). It is challenging

to simultaneously provide low latencies (end-to-end delays) and high reliability, especially over wireless

networks with highly dynamic network topologies, i.e, when communication nodes move in and out of

communication range quickly and unpredictably. An example of a critical service is teleprotection of

the electrical power grid [1] and an example of a low-latency service is the so-called tactile Internet [2].

An important system that combines requirements of high reliability and low latency over highly dynamic

network topologies is vehicular communication (VC) for traffic safety and efficiency applications [3].

In the future, vehicles will be capable of communicating directly with each other without help from

fixed infrastructure such as base stations or access points. Messages will be sent between all vehicles to

let everyone know where all surrounding vehicles are located and what their intentions are. This important

knowledge can be used to avoid accidents (traffic safety) and to improve traffic flow (traffic efficiency).

Reliable VCs is presently one of the most challenging problems of communication engineering, as it

includes all the above-mentioned challenges: high mobility networks with rapidly changing topologies

and a large number of users, poor channel quality, and strict reliability and latency requirements. The

current industrial state-of-the-art systems for VC are severely suboptimal [4], and new ideas and design at

both the physical (PHY) the medium access control (MAC) layers are therefore highly sought after.

The purpose of this project is to analyze a new and promising class of medium access methods, namely

coded slotted ALOHA (CSA), for use in highly dynamic VC networks. To reach our aim to provide reliable

low-latency VC, the specific goals of this project are to:
1. Develop tools to accurately predict the performance of VC networks with strict requirements on

latency and error performance;

2. Optimize settings to maximize the efficiency and minimize the error performance;

3. Determine if more practical model assumptions will degrade the performance in comparison to ideal

assumptions.
We use VC as a means to build fundamental knowledge about CSA, since we believe that VC is a very

challenging application. However, the project results will be more broadly applicable, as CSA can be used

for medium access in any system that require reliable, low-latency communication.

2 Survey of the Field

A crucial part of any communication system with more than one user is the chosen multiple access method.

Two very common methods are frequency divison multiple access (FDMA) and time division multiple

access (TDMA). FDMA is used in, e.g., terrestrial radio broadcast where the base station (BS) (in this

case the radio tower) uses a dedicated frequency band for each radio station. TDMA is used in, e.g.,

Global System for Mobile Communications (GSM) where time is divided into eight slots to support eight

different users in the same frequency band. Both these methods are examples of coordinated medium

access protocols, where it is predetermined which frequency band to use or where a BS decides which

time slots different mobile devices should use.

In VC it is important to keep the latency (the time it takes to deliver and decode the information) to a

minimum. Having coordination between all vehicles would increase the latency and the communication

load in the network due to all handshakes and acknowledgments (where the users agree on what resources

to use). In addition, a VC network is very dynamic since vehicles have high speed and therefore the set of

users that can be reached by a specific vehicle changes quickly (vehicles enter and leaves the local network

without notice). Sensitivity to latency and a dynamic network make it difficult to have a coordinated

channel access method for VC networks.
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2.1 Vehicular Communication

The current status of VCs is summarized in the standard [5] and is usually referred to as 802.11p. The

PHY and the MAC layer in 802.11p are based on the WiFi protocol that works well for low mobility

high throughput networks. In the context of VCs, the PHY layer is mainly criticized for not being able to

cope with time-varying channels [6]. 802.11p uses carrier sense multiple access with collision avoidance

(CSMA-CA) as the medium access protocol. Shortly described as follows; in CSMA-CA a user that

wants to transmit, first waits until the channel is free, then decreases a counter with a certain frequency

starting from a random integer, and transmits when zero is reached. If the channel becomes busy during

the countdown, the user halts the countdown until the channel is free again. CSMA-CA does not require

any coordination and is shown to work well for networks with a small number of users, large amounts of

information to be transmitted to each user, and no latency constraints. Under these conditions, CSMA-

CA can provide large throughputs [7]. In vehicular ad hoc networks (VANETs), however, the number of

users is large, the amount of information to be transmitted is rather small, and there are hard deadlines for

accessing the channel. In such scenarios, CSMA-CA fails to provide a reliable channel access.

Other uncoordinated medium access protocols used in VCs can be roughly divided into two classes: i)

The ones based on CSMA-CA, that try to improve its performance by adjusting the load by means of power

control [8] or transmission rate control [9]. However, they retain the drawbacks of the original CSMA-

CA. ii) The second class includes self-organizing protocols predominantly based on TDMA, which are

advantageous for overloaded networks [10], but cannot guarantee high reliability. These self-organizing

algorithms require a learning phase, which increases the channel access delay and hence the latency.

Moreover, transmission errors during this learning phase make such protocols unusable.

2.2 Uncoordinated Medium Access Using ALOHA

The ALOHA System [11] was developed by the University of Hawaii in the late 60s and early 70s. It

was the first wireless packet data network demonstrated for the public. In ALOHA, many nodes (or users)

share the medium. However, in contrast to coordinated TDMA, the nodes are uncoordinated and allowed to

transmit whenever they want. If a collision is detected (even only for part of the transmission), the involved

nodes wait a random time until they retransmit the same packet. This solution later became referred to as

pure ALOHA (PA). Fig. 1(a) illustrates an example of a PA system with 5 users communicating with one

BS. Each user picks a random time to transmit its packet and each packet is assumed to be of equal length,

Ts [seconds]. All packets that are transmitted without a collision are assumed to be decoded without error

by the BS. In the example in Fig. 1(a), the packets from user 1 and 2 collide as well as the packets from

user 4 and 5 (colored in red). The only packet that is received without collision is the packet from user 3
(colored in green).

Instead of letting the users randomly choose a time to transmit, a slotted frame can be introduced, i.e.,

slotted ALOHA (SA) [12]. Fig. 1(b) illustrates an example of an SA system with 5 users and 6 slots. At

the beginning of the frame the users pick a random slot within the frame to transmit in. Comparing the PA

system in Fig. 1(a) with the corresponding SA system in Fig. 1(b), it is clear that for this example 3 of the

5 users in the SA system are received without collisions, while user 1 and 2 are still in collision.

SA was later extended to diversity slotted ALOHA (DSA), where each user picked two random slots

within the frame to transmit the packet and a copy of the packet [13]. This can be generalized to DSA-d,

where each user transmits d replicas of its packet within the frame. DSA can be further generalized so

that the users in the same system can use a different number of replicas, so called irregular repetition

slotted ALOHA (IRSA), which was first introduced in [14]. IRSA can be represented by a polynomial (or

distribution) Λ(x) =
∑

d Λdx
d, where Λd represents the fraction of users of degree d (users that transmits

d replicas of their packet within the frame) such that Λ(1) = 1. SA and DSA-d are just special cases

of IRSA, where the distributions are simply Λ(x) = x and Λ(x) = xd, respectively. Fig. 1(c) shows an

example of IRSA where user 1, 2, and 5 have degree 2 and user 3 and 4 have degree 3. The instantaneous

distribution in this example is therefore Λ(x) = 0.6x2 + 0.4x3. In Fig. 1(c), only user 4 (colored in green)

can be decoded since that is the only user that has a packet without collision (in slot 3).

If each packet contains pointers to the other packets transmitted by the same user, this can be utilized
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Figure 1: Different ALOHA protocols.

to improve the performance using successive interference cancellation (SIC). The BS first buffers the

received signal, decodes all packets from slots without collisions, and attempts to reconstruct the packets

in collision exploiting the introduced redundancy. For example, after user 4 in Fig. 1(c) is decoded in slot

3, the BS knows that this user also transmitted identical packets in slot 5 and 7. Assuming ideal SIC can

be used by the BS to perfectly remove user 4’s contribution in these two slots. Now it is possible to decode

user 5, since after the SIC, slot 7 only contains a single packet from user 5. The SIC can continue until

the residual signal in all slots (after performing SIC) contains collisions. Applying SIC to DSA is called

contention resolution diversity slotted ALOHA (CRDSA) and was first suggested in [15] for DSA-2, and

later extended to DSA-d in [16], here referred to as CRDSA-d.

IRSA in its most general from can be represented by a bipartite graph, where each user corresponds to

a variable node (VN) and each slot to a check node (CN), which was first observed in [14]. Fig. 1(d) shows

the graph representation of the example in Fig. 1(c). User 1 (or VN 1) is connected to slot 2 and 5 (or CNs

2 and 5), and so on. CNs 1, 4, and 8 are not connected to any VN, which can also be seen in Fig. 1(c). Only

CN 3 has degree 1, while CNs 6 and 7 have degree 2, CN 2 has degree 3, and CN 5 has degree 4, which

is evident by the number of edges connected to these CNs. The SIC can also be visualized on this graph.

First all VNs that are connected to CNs of degree 1 are removed, and all the edges connected to these VNs.

These are the users that are decoded in schemes without SIC (e.g., SA, DSA-d, and IRSA without SIC),

illustrated by the green VN in Fig. 1(d) and the green user in Fig. 1(c). The successive iterations are then

following the same procedure, i.e., remove all VNs that are connected to CNs of degree 1 and all their

corresponding edges, until there are no more CNs of degree 1. After removing VN 4 (and its edges), VN 5
is connected to CN 7 that now has degree 1 and therefore VN 5 and its edges are removed (colored in blue

in Fig. 1(d)). After VNs 4 and 5 (and their dashed marked edges) have been removed, the three remaining

VNs are all connected to CNs that have degree 2 or higher (colored by red in Fig. 1(c) and Fig. 1(d)).

Since all slots have now collisions with two or more packets, the iterations stop and the remaining users

are declared unresolved. As will be evident later, these unresolved users will result in an error floor in the

performance and therefore be referred to as stopping sets [17].

2.3 Performance Analysis of ALOHA

Let M denote the number of users and N the number of slots in a frame. Assuming that the slot duration

has the same length as the packets, the frame duration is Tf = NTs as indicated in Fig. 1(a). To compare

different systems, the throughput T is defined as the probability of successful packet transmission per slot,

T , R/N , where R is the number of resolved (or correctly decoded) users. In addition, the channel load
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Figure 2: Dashed curves are without SIC and solid curves are with SIC (see legend in Table 1).

Table 1: Legend to Fig. 2, ordered in decreasing T ⋆.

Λ(x) N i T ⋆ @G G⋆

TDMA − Tf/Ts 0 1.00 ≥ 1.0 1.0
IRSA Λ⋆(x) ∞ ∞ 0.94 0.94 0.94

IRSA Λ⋆(x) 2000 ∞ 0.87 0.89 −

CRDSA-3 x3 ∞ ∞ 0.82 0.82 0.82
IRSA Λ⋆(x) 200 ∞ 0.77 0.80 −

CRDSA-2 x2 ∞ ∞ 0.54 0.60 0.50
SA x ∞ 0 0.37 1.00 0.00
DSA-2 x2 ∞ 0 0.31 0.61 −

DSA-3 x3 ∞ 0 0.27 0.46 −

IRSA Λ⋆(x) ∞ 0 0.22 0.42 −

PA x Tf/Ts 0 0.18 0.50 −

is defined as the number of users per slot G ,

M/N . In a coordinated TDMA system, the BS

assigns a separate slot for each user. For sim-

plicity assume that user j transmits in slot j. In

such a system there are no collisions as long as

M ≤ N . Since there are no collisions R = M
and T = G as long as G ≤ 1.0. For channel loads

larger than one, there are no more available slots

and the throughput stays at 1.0.

For PA, the throughput can be expressed in

closed form as T = G e−2G [11]. The maximum

throughput T ⋆ = 1/(2 e) ≈ 0.184 is achieved for

G = 0.5. For SA the throughput has a similar form T = G e−G that achieves a maximum that is twice as

high as for PA, T ⋆ = 1/ e ≈ 0.368 at G = 1.0 [12]. In other words, just by introducing slots in the frame,

the maximum throughput is doubled and for a channel load twice as high. In Fig. 2(a), the throughput for

PA as a function of channel load is plotted with a dashed black curve, where T ⋆ is indicated by a triangle.

The throughput for SA and its maximum value are also shown in Fig. 2(a) by the yellow dashed curve

and the star, respectively. As a reference, the throughput for coordinated TDMA is indicated by a black

dashed-dotted curve.

Assuming that the frame length tends to infinity, N → ∞, density evolution (DE) can be used to

predict the asymptotic performance [18]. For IRSA this is described in detail in [14]. The average packet

loss rate (PLR) is defined as the fraction of unresolved users P , M−R
M

. The probability that an edge in

the graph is unknown after i iterations using SIC is described by the recursive formula pi = 1−e−GΛ′(pi−1),

where p−1 = 1 and Λ′(x) =
∑

d
dΛdx

d−1 is the derivative of Λ(x) with respect to x. The average PLR

after i iterations can now be expressed as Pi = Λ(pi) [14]. If no SIC is used, p0 = 1 − e−GΛ′(1) where

Λ′(1) =
∑

d dΛd. If SIC is used, the performance predicted by DE, P = Λ(p), uses the p that fulfills

p = 1 − e−GΛ′(p), which is easiest found by using the recursive formula and letting i → ∞. To simplify

notaion, the index i is from now on dropped from the expressions. Using the definitions of G, T , and P ,

the throughput is related to the PLR through T = G(1 − P ), where P is either calculated using DE for

N → ∞ (as explained above) or simulated for finite N .

For DSA-d, the analytical expression for the PLR and the throughput are P = (1 − e−dG)d and T =
G(1 − (1 − e−dG)d), which coincide with SA for d = 1, i.e., P = 1 − e−G and T = G e−G. DE can

be used to predict the performance for CRDSA-d and for any distribution in IRSA with SIC in general,

when N → ∞. DE can also be used to optimize distributions in IRSA. It has been shown that the soliton

8 / 44



Fredrik Brännström, 740408-8978, Wireless Medium Access for Critical Low-Latency Communication in Highly Dynamic Networks 5

distribution, ΛS(x) ,
∑N

d=2
d

d(d−1)
xd, is an optimal distribution, i.e., the throughput goes arbitrarily close

to 1.0 [19]. However, the optimality only occurs when the number of terms in the distribution (which

is equal to the number of slots) goes to infinity. In [14], differential evolution was used to search over

distributions with finite number of terms that maximize the throughput, or similarly, maximize the channel

load G⋆ when the PLR suddenly drops to zero (sometimes referred to as the threshold). If the maximum

degree of the distribution is set to 8, the optimal distribution is Λ⋆(x) , 0.50x2 + 0.28x3 + 0.22x8 with

T ⋆ = G⋆ = 0.94 [14].

Fig. 2(a) shows the calculated throughput for PA, SA, DSA-2, DSA-3, and IRSA with Λ⋆(x) without

SIC, as dashed curves. The same figure also includes some of the schemes using SIC, namely CRDSA-

2, CRDSA-3, and IRSA with Λ⋆(x). Their corresponding maximum throughputs T ⋆ are also marked and

tabulated in Table 1 (in decreasing order of T ⋆) together with the threshold G⋆ (if applicable). The increase

in throughput by using SIC is remarkable. The maximum throughput increases from T ⋆ = 0.31 for DSA-2
to T ⋆ = 0.54 for CRDSA-2 (74%), from T ⋆ = 0.27 for DSA-3 to T ⋆ = 0.82 for CRDSA-3 (over 200%),

and from T ⋆ = 0.22 for Λ⋆(x) without SIC to T ⋆ = 0.94 for Λ⋆(x) with SIC (327%).

Fig. 2(b) shows the corresponding PLR, where the markers represent the point when the throughput

is at its maximum. Comparing Fig. 2(a) and Fig. 2(b), it is clear that maximizing the throughput is not

the same as minimizing the PLR. The only simulated curves in these two figures are the red and the green

curves using Λ⋆(x) with N = 200 and N = 2000, marked with a square and a hexagram, respectively.

These two curves should be compared to the blue solid curve (marked with a circle) predicted by DE for

N = ∞. From this it is evident that for finite N , the performance in terms of T and P is far from the

performance predicted by DE. It is also clear that the PLR will suffer from an error floor for finite N .

Recently an even more general scheme than IRSA has been proposed called CSA [20, 21]. In CSA

the users are not necessarily repeating the packets as in IRSA, but instead using a more powerful code to

add redundancy. The information is first divided into k segments and then encoded into n > k segments

before n mini-slots of duration Ts/k are picked at random for transmission [21]. IRSA is then just a special

case of CSA, where k = 1 and n = d for the different users. A more powerful code than the repetition

code preserves transmission energy by lowering the amount of redundant data transmitted from each user.

From now on, CSA is used to refer to all kinds of different SA schemes, where CRDSA and IRSA are just

special cases of CSA.

2.4 All-to-all Broadcast Coded Slotted ALOHA

There are two types of packets in VCs, namely decentralized environmental notification messages (DENMs)

and cooperative awareness messages (CAMs). DENM packets are event driven and requested by a higher-

layer application, e.g., in case of an emergency. On the other hand, CAM packets are status updates (or

heartbeats) and sent periodically, e.g., 10 times per second, and include information about the vehicle’s

position, speed, heading, etc. [22]. Consider a scenario where vehicles in the network periodically broad-

cast CAMs to all neighboring vehicles. Unlike classical CSA, where a BS is the intended recipient of

the messages, every user acts as a BS. We propose to use CSA for this scenario, which we call all-to-all

broadcast CSA (B-CSA) [23]. Each user is equipped with a half-duplex transceiver, i.e., a user cannot

receive packets in the slots it uses for transmission, which is the main difference of B-CSA with respect to

the classical unicast CSA discussed in Section 2.2.

As explained in Section 2.2, the instantaneous distribution for the example in Fig. 1(c) is Λ(x) =
0.6x2 + 0.4x3, observed by the BS that can listen to all 8 slots. If the same example is used as a B-CSA

system, the distribution will be different. For example, since user 1 transmits in slots 2 and 5, it cannot

receive during these slots. Therefore, from user 1’s point of view it seems like there are only 4 users (and

not 5), where users 2, 3, and 5 have degree 1, and user 4 has degree 2 (since slot 2 and 5 are not available).

The distribution observed by user 1, the induced distribution, is therefore Λ(1)(x) = 0.75x + 0.25x2.

The induced distributions observed by the remaining users are: Λ(2)(x) = 0.50x + 0.25x2 + 0.25x3,

Λ(3)(x) = 0.50 + 0.25x+ 0.25x2, Λ(4)(x) = 0.25 + 0.25x+ 0.50x2, and Λ(5)(x) = 0.50x+ 0.50x2. One

direct observation is that for B-CSA there are always users of degree 1 and even degree 0. Users with

degree 0 can never be decoded, since their packets are not received and therefore they are always in error.
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In our preliminary work [23] we show how to de-

rive the induced distributions in B-CSA starting

with any arbitrary distribution (see also Section 5).

It is possible to show that all induced dis-

tributions are equal to the original distribution,

Λ(k)(x) = Λ(x), for all k when N → ∞. In this

case, DE can be used to predict the threshold, G⋆,

for B-CSA based on the original degree distribu-

tion Λ(x), as explained in Section 2.3. However,

when the number of slots is small, the difference

between the original and the different induced dis-

tributions is significant, as illustrated with the ex-

ample above.

Comparing B-CSA with CSMA-CA is not

straightforward for several reasons. First, time is

not structured in slots in CSMA-CA and new defi-

nitions of channel load and PLR are therefore needed. This also hinders modeling users’ mobility. Second,

the behavior of each user in a CSMA-CA system depends on the behavior of its neighbors, whereas users

in B-CSA act independently. Thus, to estimate the performance of an individual user in a CSMA-CA

system, the entire network needs to be modeled. Third, the performance of CSMA-CA is affected by the

hidden terminal problem since acknowledgments are not used in VANETs. Hence, a proper modeling

requires specification of: sensing threshold, path loss, transmitted power, decoding model with signal-to-

interference-plus-noise ratio (SINR), and actual network geometry. Instead, in [23] we introduce a simpli-

fied system model which represents the best-case scenario in terms of the performance of CSMA-CA. It

is easy to implement and compare with B-CSA.

Assuming that each user in the VC network continuously transmits 10 CAM packets per second, i.e.,

a frame length of Tf = 0.1 seconds. Assuming that each message contains 200 bytes of information,

and that the data rate in 802.11p is the default 6 Mbit/s [5], results in a frame length with N = 315
slots. To compare CSMA-CA (that is today’s standard in VANETs) with B-CSA we use the distribution

ΛB(x) , 0.87x3+0.13x8. The parameters in this setup are taken from the PHY layer in [5] and all details

on the comparison can be found in [23]. The simulated PLR performance of the two protocols is shown in

Fig. 3 for N = 315. The solid and the dash-dotted curves show simulation results for B-CSA and CSMA-

CA, respectively. Similarly to low-density parity-check (LDPC) codes, a finite frame length results in

three distinct regions in the PLR of B-CSA as seen in Fig. 3; the error floor (EF) region for G ≤ 0.7, the

waterfall (WF) region for 0.7 < G ≤ 0.85, and the region with very high PLR when G > 0.85, where

the EF is caused by the stopping sets present in the graph [17]. It is clear that the simulated performance

of B-CSA for N = 315 is far from the threshold, G⋆, predicted by DE (dashed black curve), assuming

N = ∞, especially in the EF region. It can be seen from Fig. 3 that B-CSA significantly outperforms

CSMA-CA for medium to high channel loads. For example, B-CSA achieves a PLR of P = 10−4 at

channel load G = 0.71 (222 vehicles). CSMA-CA achieves the same reliability at G = 0.20 (64 vehicles),

i.e., B-CSA can support more than three times as many users as CSMA-CA for this reliability. For heavily

loaded networks (G > 0.8), CSMA-CA shows better performance. However, in this case both protocols

provide a poor reliability, P > 0.1, which is unacceptable in VANETs.

3 Project Description

In summary, VC networks require: i) uncoordinated medium access since the network is so dynamic and

has so many users that it is unfeasible that all of them are coordinated, especially since there might not

necessarily be a BS nearby, ii) all-to-all broadcast, since all vehicles should transmit to and receive from all

other vehicles, iii) high reliability, i.e., all messages should be received with hardly any errors, especially

since there is no room for acknowledgments or retransmissions, and iv) low latency since the messages

carry information about the vehicles’ position and intensions and therefore the information needs to be
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up to date. The preliminary simulation results shown in Fig. 3 indicate that B-CSA fulfills all these four

requirements. In other words, B-CSA is believed to be a new paradigm that can be used as the medium

access protocol for a large number of uncoordinated all-to-all broadcast users, that in the example achieve

P < 10−4 within a strict deadline of Tf = 0.1 seconds. The identified main tasks that coincide with the

goals listed in Section 1 can be summarized as follows:

Task 1: Performance prediction

As discussed in Section 2, previous work on CSA has been focused on predicting the performance in

the asymptotic regime N → ∞ using DE [14, 21]. However, as evident by the simulation results of CSA

and B-CSA systems in Figs. 2–3, the prediction using DE is not accurate for finite frame lengths. The

first task is therefore to develop tools to accurately predict the PLR for arbitrary distributions in the EF

region for finite frame length, e.g., to get a curve similar to the red dashed curve in Fig. 3. This prediction

should not only depend on the distribution but also the finite frame length N . Furthermore, as explained

in Section 2.3, DE can be used to predict the PLR for a finite number of iterations in the SIC process. It

would be advantages to do so even for finite N . An ultimate goal is to predict the performance in both

the EF and the WF regions for a finite frame length and a specific number of iterations. LDPC codes are

in most cases designed to have a graph excluding stopping sets consisting of length-4 cycles, since they

contribute substantially to the EF. However, in CSA systems the graph cannot be designed, since it is built

up by the random repetition degree the users pick specified by the distribution. Actually, in CSA the graph

is different from frame to frame and the receiver build up the knowledge of the graph while running the

SIC procedure. For that reason, length-4 cycles are present in stopping sets and contribute to the EF. We

believe that similar to the EF prediction for LDPC codes [17], stopping sets can be identified and used for

predicting the performance in the EF for finite N . In [24] we have some preliminary results on how to

estimate the PLR in the EF region based on stopping sets found by extensive simulations, as will be briefly

discussed in Section 5. However, in Task 1 we would like to perform a thorough and more systematic

search and analytical analysis of stopping sets, e.g., finding all stopping sets that include a certain number

of VNs or CNs for any arbitrary distribution and find expressions of their probabilities, and not only for

distributions with large fractions of degree-2 and degree-3 users as we did in [24]. Here we believe that

stopping set enumeration tools similar to the ones used for finding stopping sets of LDPC codes can be

used [25].

Outcomes: Tools to predict the PLR, in both the EF and WF regions, of CSA and B-CSA systems with

any arbitrary distribution for a finite frame length and a fixed number of iterations.

Task 2: Optimization

It is clear that the performance depends on the distribution Λ(x). In [14,19,21] DE was used to find op-

timal distributions in the asymptotic regime N → ∞. Using the results from Task 1, optimal distributions

can be found for CSA and B-CSA with finite frame lengths N . For VC networks it is important to meet a

certain PLR with a specified maximum latency. For example, the simulation result in Fig. 3 is based on a

frame length of Tf = 0.1 seconds, which corresponds to that all vehicles transmit 10 messages per second.

If the requirement is to fulfill a target PLR of P < 10−4 with this frame length, the distribution ΛB(x)
seems to be a good choice, but maybe there are better distributions? This can be formulated as follows:

based on the performance prediction tool developed in Task 1, find the distribution that maximizes the

channel load G for a target PLR P (or that minimizes P for a target G). The performance prediction used

could, e.g., be to combine the prediction of the EF for finite N with the threshold for N → ∞. Another

alternative is to use the EF prediction at a certain channel load, e.g., G = 0.5. If the EF prediction looks

something like the dashed red curve in Fig. 3, it might be easier to optimize the distribution when G → 0
or G → 1, even though these two values are not interesting for a real system, they might give insight

to how the distributions should be chosen. The solid curve in Fig. 3 represents the average performance

in the system. However, the individual performance depends on the repetition degree. The chance of a

user to be resolved by other users increases if the user transmits more, but at the same time the chance

to resolve other users decreases since there are many slots that are not available due to the half-duplex

assumption [23]. This double unequal error protection can be used in the optimization to give different
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users different priority, or error protection.

Outcomes: Based on the performance prediction tool in Task 1, find the optimal distribution in terms of a

tradeoff between the channel load, G, and the PLR, P , to meet a certain latency Tf.

Task 3: Realistic conditions

In the setup and analysis described above, there are some simplifying assumptions: i) all users are

assumed to be both frame and slot synchronized. This can be achieved by using, e.g., Global Positioning

System (GPS), which provides an absolute time reference for all users, ii) the receiver can always detect

if a slot has collisions or not, iii) if there is no collision in the slot the receiver can correctly decode the

transmitting user, i.e., there are no errors due to a bad channel, high level of noise, or wrong estimation of

channel parameters, iv) the SIC is ideal, i.e., all necessary estimation of channel parameters (channel gain,

time offset, frequency offset, phase offset, etc.) are assumed to be perfect so that the removal of previously

decoded users from the received signal is complete. In other words, the only source of error is the stopping

sets prohibiting more users from being resolved. In [14, 21] it is demonstrated that these assumption can

be fulfilled for a CSA system using standard QPSK modulation over an additive white Gaussian noise

(AWGN) channel with random delay, random frequency offset, and random phase. For this scenario, the

SIC can perfectly resolve up to eight users without losing more than one dB in signal-to-noise ratio (SNR).

The third Task in this project involves investigations about what happens if some (or all) of the above

assumptions are lifted. For example, if the users are only slot synchronized, and not frame synchronized,

the users can pick random slots as soon as there is a packet to transmit instead of waiting to the start of the

next frame. This will reduce the delay to access the channel, but it will make the receiving algorithm more

complicated. The PHY layer in 802.11p is based on orthogonal frequency-division multiplexing (OFDM).

How many users can realistically be resolved using SIC together with this PHY layer assuming that also

time offset, frequency offset, and phase offset have to be predicted and tracked together with the channel

estimation throughout the packet? Also, what happens to the performance prediction in Task 1 and the

optimization in Task 2 if only a finite number of users can be resolved per time slot, instead of an unlimited

number of users? The users in real VC networks do not experience just an AWGN channel but a more

realistic fast fading channel. If the users that collide in a time slot has very different SINR, maybe it is

possible to still decode some of the users?

Outcomes: The performance prediction in Task 1 and the optimization in Task 2 are both assuming ideal

conditions in terms of synchronization and channel estimation. In Task 3, these assumptions are lifted

and the investigation will show the performance (and limitations) of the approach under more realistic

conditions.

3.1 Deliminations

The project focuses on the medium access protocol CSA and will not consider updates to the PHY layer

of 802.11p (even though this PHY layer is used in Task 3 to verify that the suggested SIC works in re-

ality for 802.11p). Here only the end-to-end latency between two MAC layers including one wireless

link is considered. We are not considering several hops or any other routing. Other delimitations include

security aspects, practical experiments, as well as novel channel estimation techniques and network syn-

chronization (even though standard channel estimation and synchronization are used to verify the realistic

conditions in Task 3).

4 Significance

Around 1.25 million deaths caused by traffic injuries occur worldwide every year according to the World

Health Organization [26]. That means that one person is killed every 25 seconds. The prediction is that by

2020 the number of deaths caused by road traffic crashes will have increased to 1.9 million people if no

actions are taken. If reliable VC can reduce these numbers with even a small fraction, it will be of great

significance. In addition, we believe that the knowledge this project build on CSA can also be used to

improve other communication systems that are critical, requires low-latency, and are highly dynamic (or a

subset of the above) to make the significance of this project even stronger.
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5 Preliminary Results

Both applicants have strong track records in code design that is highly related to this project. For example,

in our joint publications [27, 28], later on further developed in [29–31], we designed, analyzed, and op-

timized a generalized parallel and serially concatenated convolutional code in both the EF region (based

on union bounds) and in the WF region (based on extrinsic information transfer (EXIT) chart analysis).

This is a perfect background to tackle the prediction of the performance of B-CSA in both the EF and the

WF region specified in Task 1 of this project. In fact, we already have some preliminary results presented

in [24], where we suggest a way to predict the EF in CSA systems. The prediction is based on simulation

to identify common stopping sets in the underlying graph. Identifying all stopping sets and calculating

their corresponding probabilities in a systematic way is not straightforward in general. However, restrict-

ing the search to distributions with large fractions of degree-2 and degree-3 users and by running extensive

simulations for such distributions, we identified eight stopping sets and their corresponding probabilities

that contribute the most to the EF.

As mentioned in Section 3, we also have some very recent preliminary work where we derive the

induced distributions for B-CSA [23]. Combining these distributions with the EF estimation outlined

in [24] we can also predict the EF performance in B-CSA systems. The red dashed curve in Fig. 3 is in

fact the EF prediction for the B-CSA system using ΛB(x) [23]. Furthermore, ΛB(x) is found by an ad hoc

optimization outlined in [23] for a channel load of G = 0.5. However, in this project the optimization

criteria should be better specified and motivated and the optimization should be based on the outcome of

Task 1, potentially combined with the more realistic conditions in Task 3.

The main applicant has also long experience in advanced algorithm design for WiFi 802.11 (that is

currently used in VC networks as the standard PHY and MAC layers – with only small modifications) from

working more than four years as Principal Design Engineer at Quantenna Communications, Fremont, CA.

In relation to Task 3, we have also proposed a channel estimation technique in 802.11p for highly time-

varying vehicular channels [32], which also resulted in a patent [33], that could be used together with CSA

as the medium access protocol.

6 International and National Collaboration

The Communication Systems (ComSys) group at the Department of Signals and Systems, Chalmers Uni-

versity of Technology, is the largest research group in communications in Sweden, and one of the leading

research groups in communications in Europe. The group includes 8 Professors, 8 Postdocs (2 of them

with Marie Curie Individual Fellowships), and around 30 PhD students. ComSys’ members originate

from 14 different countries (Sweden, Germany, Spain, Austria, Italy, Belgium, Romania, Russia, Iran,

India, China, Vietnam, Mexico, and Peru).

The applicants have already a proven track record of working together, as evidenced by joint publi-

cations. In addition, the applicants have ongoing collaborations within the area of CSA with Prof. Petar

Popovski (University of Aalborg) and Dr. Gianluigi Liva (German Aerospace Center, DLR), where re-

search visits are planned in both directions. The applicants have also ongoing collaboration within the

area of coding and codes on graphs with Prof. Henry D. Pfister (Duke University), Prof. Iryna An-

driyanova (ENSEA/University of Cergy-Pontoise/CNRS, France), Prof. Michael Lentmaier (Lund Uni-

versity), Dr. Eirik Rosnes (University of Bergen, Norway), Prof. Lars K. Rasmussen (KTH, Stockholm),

and Dr. Alex Alvarado (UCL, London), to name a few. Moreover, ComSys has collaborations with other

universities in Sweden (KTH Stockholm, Lund, Linköping), USA (Stanford, Princeton, MIT, Texas A&M,

Notre Dame, Northwestern), Switzerland (EPFL, ETH), Germany (TUM, TUB, RWTH Aachen), France

(ENST Bretagne, EURECOM), UK (Cambridge), Italy (Politecnico di Torino, University of Parma),

Spain (UPC), Finland (University of Aalto), and Australia (Institute for Telecommunications Research

and UNSW). The plan for the PhD student working in this project is to spend time at a highly recognized

research institute.

The strong position of the ComSys group in the European research community is manifested by the par-

ticipation in several EU-funded networks: FP4 (FRAMES), FP5 (ULTRAWAVES), FP6 (WINNER, WIN-

NER II, NEWCOM), FP7 (NEWCOM++, ARTIST4G, METIS), COST (273, 289, 2100), and CELTIC
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WINNER+. On the national arena, the ComSys group is a member of many centers and projects, together

with many large companies (Ericsson, Volvo, ABB, SP, Huawei, Kapsch), small companies (Qamcom,

Bluetest, Smarteq), research institutes, and universities. For example the the Fibre Optic Communications

Research Centre (FORCE) and the Chalmers Antenna Systems Excellence (Chase) centre, to name a few.

The applicants have also been involved in organizing the 2012 International Symposium on Turbo

Codes & Iterative Processing, the 2013 Swedish Communication Technologies Workshop (Swe-CTW),

and the 2015 International Conference on Localization and GNSS (all on Chalmers campus in Gothen-

burg). In addition, Prof. Brännström and Prof. Graell i Amat are both Co-Chairs of the 2016 IEEE Euro-

pean School of Information Theory, that will also be held on Chalmers campus in Gothenburg.

7 Other Grants

The main applicant, F. Brännström, is the main applicant of the VR project 2011-5950 (see the Scientific

report), that ends in 2015. There is no overlap between that project and this proposal.
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Scientific Report

1. Project Information

The project “MIMO-BICM: Fundamentals, Analysis, and Design” (Swedish Research Council: 2011-5950)
with main applicant Prof. Fredrik Brännström and co-applicants Dr. Alex Alvarado and Prof. Erik Agrell
was approved for the period Jan 1, 2012, to Dec 31, 2015. The total funding received is 3280 kSEK
divided according to: 760 kSEK (2012), 840 kSEK (2013), 840 kSEK (2014), and 840 kSEK (2015).
The project money has been mainly used to support a new PhD student Mr. Mikhail Ivanov. It has also
partially been used to support Mr. Ivanov’s main supervisor (Prof. Fredrik Brännström) and co-supervisors
(Dr. Alex Alvarado and Prof. Erik Agrell).

2. Scientific Results

So far the scientific results have been quite large in project 2011-5950. The published papers are listed
below in Section 4, and they are all in the most prestigious IEEE journals and conferences.
       Papers [1,2] treat the fundamental problem of analytically expressing the exact bit-error rate (BER) of
uncoded systems with higher order modulation if the optimal detector that minimizes the BER is used. These
fundamental closed form expressions have only previously been known for the simplest constellation with 4
points labeled with Gray labeling.
       Papers [3,4] propose a novel way of looking at the well-known trellis coded modulation (TCM) system
proposed by Ungerboeck in the 1970s. By identifying equivalent combinations of convolutional encoders
and higher order constellations an exhaustive search could be performed listing the combinations that give the
best performance in terms of BER, i.e., optimal TCM encoders in contrast to Ungerboeck’s design that was
exclusively based on one labeling he called set-partitioning.
       Papers [5,6] characterize the high signal-to-noise (SNR) asymptotic behavior of bit-interleaved coded
modulation (BICM). It is shown that the BICM generalized mutual information (BICM-GMI) has an
asymptotic behavior proportional to the Gaussian Q-function, whose argument only depends on the minimum
Euclidean distance of the constellation. The results are used to prove Caire’s long-standing conjecture that
Gray labeling maximizes BICM-GMI for high SNR.
       Paper [7] proposes a simple approximation for the BICM-GMI that can be used to perform searches
of good labelings for constellations with many points. As an example, a labeling was found for the 32-ary
constellation used in the digital video broadcasting (DVB-S2) standard that offer a gain of about 0.15 dB.
       Paper [8] studies two decoders for coded modulation systems: i) the maximum likelihood decoder, and
ii) the suboptimal bit-wise decoder based on BICM. It is proven that the maximum difference between the
decoders is bounded by 1.25 dB using 16QAM, but for a wide range of linear codes (including all rate-1/2

Interdisciplinarity

Scientific report
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convolutional codes) the loss is zero. 

3. Relation to New Proposed Project

As outlined in Section 2, the project 2011-5950 deals with the fundamentals, performance analysis, and
design of coded modulation systems and there is no overlap between that project and this proposal.

4. Published Journal and Conference Paper with the Project

[1] M. Ivanov, F. Brännström, A. Alvarado, and E. Agrell, “General BER expression for one-dimensional 
      constellations,” in Proc. IEEE Global Telecommunications Conference (GLOBECOM ’12), 
      Anaheim, CA, Dec. 2012, pp. 2162–2167.
[2] M. Ivanov, F. Brännström, A. Alvarado, and E. Agrell, “On the exact BER of bit-wise demodulators for 
      one-dimensional constellations,” IEEE Transactions on Communications, vol. 61, no. 4, 
      pp. 1450–1459, Apr. 2013.
[3] A. Alvarado, A. Graell i Amat, F. Brännström, and E. Agrell, “On the equivalence of TCM encoders,” 
      in Proc. IEEE International Symposium on Information Theory (ISIT ’12), Cambridge, MA, July 
      2012, pp. 2401–2405.
[4] A. Alvarado, A. Graell i Amat, F. Brännström, and E. Agrell, “On optimal TCM encoders,” IEEE 
      Transactions on Communications, vol. 61, no. 6, pp. 2178–2189, June 2013.
[5] A. Alvarado, F. Brännström, E. Agrell, and T. Koch, “High-SNR asymptotics of mutual information
      for discrete constellations,” in Proc. IEEE International Symposium on Information Theory 
      (ISIT ’13), Istanbul, Turkey, July 2013, pp. 2274–2278.
[6] A. Alvarado, F. Brännström, E. Agrell, and T. Koch, “High-SNR asymptotics of mutual information
      for discrete constellations with applications to BICM,” IEEE Transactions on Information Theory, 
      vol. 60, no. 2, pp. 1061–1076, Feb. 2014.
[7] A. Alvarado, F. Brännström, and E. Agrell, “A simple approximation for the bit-interleaved coded 
      modulation capacity,” IEEE Communications Letters, vol. 18, no. 3, pp. 495–498, Mar. 2014.
[8] M. Ivanov, A. Alvarado, F. Brännström, and E. Agrell, “On the asymptotic performance of bit wise 
      decoders for coded modulation,” IEEE Transactions on Information Theory, vol. 60, no. 5, pp. 
      2796–2804, May 2014.
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Fredrik Brännström – Curriculum Vitae
1 Higher Education Qualifications
• Dec. 2000: Lic.Eng. in Communication Theory, Department of Computer Engineering, Chalmers University of

Technology, Gothenburg, Sweden. Thesis title: “Trellis code multiple access (TCMA) – detectors and capacity
considerations.”

• April 1998: M.Sc. in Electrical Engineering, Luleå University of Technology, Luleå, Sweden. Thesis title:
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Technology, Gothenburg, Sweden. Dissertation title: “Convergence analysis and design of multiple concatenated
codes.” Supervisor: Prof. Lars K. Rasmussen.
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South Australia, Adelaide, South Australia, Australia.

4 Qualifications Required for Appointment as a Docent
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Systems, Chalmers University of Technology, Gothenburg, Sweden.
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Topic: “Coding, Modulation, and Coded Random Access”
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(Nov. 2012), and Cambridge University, Cambridge, UK, (Feb. 2012).
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Turbo Codes & Iterative Inform. Processing (ISTC), 2010; IEEE Inform. Theory Workshop (ITW), 2009.

10 Awarded Research Grants as Main Applicant (Selection)
• 2015 – 2016: European Commission – Marie Curie European Fellowship. Title: “Distributed Storage Based
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Fredrik Brännström – Publication List 2007 – present
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project are marked with a star (F).
Interruption in research: June 2006 – July 2010 (50 months with zero Academic research) while working as
Principal Design Engineer, Quantenna Communications, Inc., Fremont, CA, USA. The research in the papers
published in this period was conducted before June 2006.

1 Five Most Cited Publications

[1] F. Brännström, L. K. Rasmussen, and A. J. Grant, “Convergence analysis and optimal scheduling for
multiple concatenated codes,” IEEE Transactions on Information Theory, vol. 51, no. 9, pp. 3354–3364,
Sept. 2005.
Number of citations: 143.

[2] F. Brännström, T. M. Aulin, and L. K. Rasmussen, “Iterative detectors for trellis-code multiple-access,”
IEEE Transactions on Communications, vol. 50, no. 9, pp. 1478–1485, Sept. 2002.
Number of citations: 58.

[3] F. Brännström, “Convergence analysis and design of multiple concatenated codes,” Ph.D. dissertation,
Chalmers University of Technology, Gothenburg, Sweden, Mar. 2004.
Number of citations: 54.

[4] F. Brännström, T. M. Aulin, and L. K. Rasmussen, “Iterative multi-user detection of trellis code multi-
ple access using a posteriori probabilities,” in Proc. IEEE International Conference on Communications
(ICC ’01), vol. 1, Helsinki, Finland, June 2001, pp. 11–15.
Number of citations: 46.

[5] F. Brännström, T. M. Aulin, and L. K. Rasmussen, “Constellation-constrained capacity for trellis code
multiple access systems,” in Proc. IEEE Global Telecommunications Conference (GLOBECOM ’01),
vol. 2, San Antonio, TX, Nov. 2001, pp. 791–795.
Number of citations: 24.

2 Peer-reviewed Journal Papers

[6] W. Sun, E. G. Ström, F. Brännström, and M. R. Gholami, “Random broadcast based distributed consensus
clock synchronization for mobile networks,” IEEE Transactions on Wireless Communications, (to appear)
Feb. 2015.
Number of citations: 0.

[7] C. Häger, A. Graell i Amat, F. Brännström, A. Alvarado, E. Agrell “Terminated and tailbiting spatially-
coupled codes with optimized bit mappings for spectrally efficient fiber-optical systems,” IEEE/OSA Jour-
nal of Lightwave Technology, vol. 33, no. 7, pp. 1275–1285, Apr. 2015, Invited paper.
Number of citations: 0.

[8] (F)M. Ivanov, F. Brännström, A. Graell i Amat, and P. Popovski “Error floor analysis of coded slot-
ted ALOHA over packet erasure channels,” IEEE Communications Letters, vol. 19, no. 3, pp. 419–422,
Mar. 2015.
Number of citations: 1.

[9] C. Häger, A. Graell i Amat, F. Brännström, A. Alvarado, E. Agrell “Improving soft FEC performance
for higher-order modulations via optimized bit channel mappings,” Optics Express, vol. 22, no. 12,
pp. 14544–14558, June 2014.
Number of citations: 5.

[10] M. Ivanov, A. Alvarado, F. Brännström, and E. Agrell, “On the asymptotic performance of bit-wise de-
coders for coded modulation,” IEEE Transactions on Information Theory, vol. 60, no. 5, pp. 2796–2804,
May 2014.
Number of citations: 3.

[11] A. Alvarado, F. Brännström, and E. Agrell, “A simple approximation for the bit-interleaved coded modu-
lation capacity,” IEEE Communications Letters, vol. 18, no. 3, pp. 495–498, Mar. 2014.
Number of citations: 3.
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