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Abstract— In future wireless networks, cooperating users may
create virtual antenna arrays to profit from user cooperation
diversity. Even then, fading can severely reduce the quality
of real-time media streams. To improve streaming quality in
cooperative networks, we propose, firstly, the asymmetric allo-
cation of diversity branches. Secondly, we employ this method
in our Traffic-aware Asymmetric Cooperation Diversity (TACD)
scheme to prioritize important parts of the media streams. We
demonstrate by outage analysis and simulation that this approach
significantly increases the quality of real-time media streams
without introducing additional delays.

I. INTRODUCTION

In many wireless scenarios, multiple antennas may provide
independent fading blocks in time and space, called temporal
and spatial diversity branches. Transmitting data via multiple
of these branches may considerably decrease error probability
in fading environments. However, due to size, complexity, or
power constraints, multiple antennas per end-user node cannot
be employed in every scenario. In this case, user cooperation
diversity [1] is an emerging approach to achieve spatial and
temporal diversity branches by cooperation. User nodes coop-
erate by mutually relaying their own and the partner’s data.
This distributes a single user’s data among multiple antennas
and time slots and achieves cooperation diversity.

Even with cooperation, transmitting media streams at high
quality and in real time is a challenge. Although user coopera-
tion diversity makes the transmission more robust against time-
selective fading, the cooperative distribution of data is sensitive
to more fading channels than direct transmission. Hence,
even in scenarios well-suited for cooperation, deep fades may
significantly increase error probability, consequently making
the quality of a received media stream unacceptable.

Since cooperation diversity was introduced [1] many re-
alizations have been proposed. In their pioneering work,
Laneman et al. thoroughly analyzed static and adaptive pro-
tocols [2], e.g. Decode-and-Forward (D&F). Based on D&F,
Hunter et al. developed Coded Cooperation (CC) [3] which
has been fully specified for two cooperating users and was
extensively studied in [4]. As opposed to D&F, with CC users
employ Forward Error Correction (FEC) coding to distribute
their data, assuming that each user has data to send. Here,
users cooperate symmetrically, meaning that each user equally
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acts as source and relay. Due to this symmetry, each user
may profit from an equal amount of diversity branches per
cooperation cycle.

In this paper we extend this symmetric CC scheme by al-
lowing asymmetric allocation of the user cooperation diversity
branches. This new method, called Asymmetric Cooperation
Diversity (ACD), treats diversity branches as a resource to
permanently prioritize traffic streams of cooperating users.
Based on CC, ACD requires no additional coordination and
causes only negligible communication overhead. We demon-
strate the effect of ACD’s priorities, analytically, in terms of
outage probability (Section III) and, experimentally, for outage
performance and Packet Error Rate (Section V).

While such a permanent prioritization may be already useful
on its own, it can be also employed to dynamically allocate
resources to the current traffic demands. This is done by
the Traffic-aware Asymmetric Cooperation Diversity (TACD)
scheme, which we propose in Section IV of this paper. TACD
uses ACD’s priorities to increase the quality of real-time media
streams, e.g. voice or video. TACD achieves this by assigning
an ACD priority to a packet according to its relevance for
the perceived media stream quality, e.g. highest priority to
the most relevant packet. This introduces traffic awareness to
CC without adding delays, e.g. due to re-scheduling packets
or sorting queues, making TACD most suitable for real-time
streaming.

Although early media-optimized cooperation protocols [5]
are interesting from a theoretical point of view, their im-
plementation is not obvious. Unlike these protocols, TACD
does not rely on accurate feedback from the destination and
reduces packet loss for the important parts of the stream
rather than on the average. Unlike approaches on top of the
cooperation protocol such as Layered Cooperation [6] TACD
is not integrated into source encoding. Thus, firstly, it does
not depend on the traffic type and, secondly, it can interact
with CC. Due to this interaction, TACD knows the exact
amount and duration of cooperation diversity branches and
can allocate them precisely where required. In Section IV we
discuss details of TACD. In the next section we will introduce
our system model and provide details on TACD’s basis –
Coded Cooperation (CC).
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Fig. 1. Basic scenario of Coded Cooperation (CC) if u1 and u2 cooperate
to reach d. The figure shows the instantaneous SNR values γ and the bit
allocations for all 4 half-duplex channels used during phase 1 (solid line)
and 2 (dashed line) of a cooperation cycle.

II. SYSTEM MODEL

We consider the scenario in Fig. 1 where two mobile
users u1 and u2 cooperate to reach the destination d. Each
user transmits own data to d and is equipped with a single
omnidirectional antenna. As illustrated by the solid lines, this
introduces a broadcast transmission where a single user’s data
reaches d as well as its neighbor via independent, half-duplex
channels. A Medium Access Control (MAC) scheme assures
that each user broadcasts on a separate (logical) link.

The users exploit this broadcast nature by employing Coded
Cooperation (CC) [3]. Based on convolution FEC codes, CC
enables partners to share their antennas during the second
phase of a cooperation cycle (Fig. 1). Per cycle, each user
transmits k data bits within n bits FEC-coded at overall rate
R = k/n. By puncturing these n bits to n1 remaining and
n2 punctured bits at the beginning of the cycle, each user
derives the bits for the respective phase. With CC, the bit
number of both phases can be adjusted by the cooperation
level α = n1/n = R/R1 leading to rate R1 = R/α for the
first phase [4]. In this phase (solid lines in Fig. 1) both
users exchange their data by broadcasting the n1 bits via the
respective inter-user channel to the partner and via the uplink
channel to d. From the received n1 bits each user decodes
and error-checks the partner’s k bits, e.g. by using a CRC. If
decoding is correct, a user can cooperate in phase 2 by re-
encoding the partner’s k data bits and forwarding the resulting
n2 bits to d (dashed lines in Fig. 1). If decoding fails, a partner
cannot cooperate and transmits its own punctured n 2 bits in
phase 2. In both cases, n = n1 + n2 bits are transferred to d
per cycle. Finally, cooperation exploits temporal and spatial
diversity branches while no cooperation exploits the same
temporal diversity branches as direct transmission.

Whether a user cooperates depends on the decoding result
at the end of phase 1. This is determined by the instantaneous
SNR γ1,2 or γ2,1 for the inter-user channels during phase 1
(Fig. 1). Whether this cooperative transmission succeeds re-
sults from γ1,d and γ2,d for the uplink channels during both
phases. We model γ independently per channel as flat, time-
selective, autocorrelated Rayleigh fading. Rayleigh fading
leads to exponentially distributed γ with a Probability Density
Function (PDF) parameterized by the mean channel SNR Γ. In
our study we vary Γ to reflect large-scale effects such as path
loss, interference or large-scale fading. Autocorrelated fading
reflects moving users, is parameterized with the maximum user
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Fig. 2. Diversity branches and idea of Asymmetric Cooperation Diversity
(ACD): Choose base priority by selecting the number of branches L in phase 2.
Enable further priority levels by decreasing the share β of used branche(s).

speed v, and modeled by the “land mobile” Autocorrelation
Function (Table 2.1 in [7]). This widely-used model is suitable
for land mobile scenarios with many small stationary and
uniformly distributed scatterers or for averaged ensembles of
many scenarios [7]. We assume a block fading environment
which means that γ stays constant during a single phase of
the cooperation cycle, e.g. realized by interleaving. Therewith,
each phase experiences a quasi-static channel while consecu-
tive phases may not fade independently.

III. ASYMMETRIC COOPERATION DIVERSITY

ACD provides priorities by allocating cooperation diversity
branches asymmetrically to the users. Per user, a large number
of branches (L) and a large utilized portion of these branches
highly decreases error probability, e.g. exponentially in L in
many cases [7]. ACD employs this by allocating a large
number and portion of diversity branches to high-priority users
and provides low priority by assigning fewer branches.

As illustrated in Fig. 2(a), two users may employ the four
diversity branches A,B,C,D per cooperation cycle. Initially,
branches A,B of phase 1 are fixed (to cooperate, each user
has to use its own antenna at least once) while the branches
C,D can be allocated freely. This, essentially, leaves ACD two
possibilities of allocation. First, it can prioritize both users
equally using symmetrical CC to allocate two branches per
user. Second, asymmetrically, one user receives three branches
meaning high priority. The partner of such a high-priority user
can only employ a single phase 1 branch and, thus, receives
low priority. This leads to ACD’s three base priorities defined
by the number of diversity branches L per user (Fig. 2(b)).

As discussed in Section II, whether a user cooperates
depends on its decoding result at the end of phase 1. For
this reason, ACD’s allocation is done at the end of this phase
where it is clear whether the users can cooperate and, hence,
which number of diversity branches can be allocated.

While the above method results in only three base priorities,
more fine-grained control may be desired. ACD achieves this
by adjusting the utilized portion of the diversity branch(es)
allocated in phase 2. By allocating a portion of the partner’s
phase 2 branches to a “benefiting” user, ACD increases this
user’s priority. This takes the base priority of the “generous”
user as reference and reduces it by decreasing β . This β
defines the portion of the phase 2 branches still employed by
the “generous” user as β = n2,1/(n2(L−1)) = R2/R2,1. Here,
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n2,1 stands for the number of bits the “generous” user transmits
via its (L−1) phase 2 branches. For example, if u1 receives
high priority and β = 1/3, it only transmits 1/3 of its own n 2

bits via branches C,D and provides the rest of these branches
to u2. For the “generous user” this leads to code rate R2,1 =
R2/β while the “benefiting” partner simultaneously achieves
R2,2 = R2/(1−β ) in phase 2. As illustrated in Fig. 2(b), β = 1
provides base priority and β can be reduced until, with β → 0,
the “generous” user provides its complete phase 2 branches to
its partner.

For two cooperating users, we now discuss diversity allo-
cation and analyze outage probability for all ACD priorities
taking β into account. Although ACD is an asymmetric
scheme, its function depends only on the priority and not
on the user. Hence, it suffices to show the following outage
probability derivations only for u1. For u2 identical expressions
are obtained with the roles of both users reversed.

A single quasi-static fading channel is in outage if its
capacity known as C(γ) = log2(1+ γ) in bits/s/Hz falls below
a transmission rate R. We write the probability of this outage
event, called outage probability, as Pout = Pr{C(γ) < R}, or
equivalently Pr{γ < 2R − 1} and define the threshold for an
arbitrary rate R as R̂ = 2R−1.

1) Direct transmission: Without cooperation each user
transmits directly to d only using its temporal diversity
branches A,D and B,C for u1 and u2, respectively (Fig. 2(a)).
Since during such a cycle the users’ data is not distributed via
multiple antennas, no spatial diversity is achieved.

Using both phases each user transmits its complete n = n1 +
n2 bits and, hence, achieves the full overall rate R = k/n. Since
each user only employs its uplink channel to d, i.e. (1,d) for
u1, we can define the probability that the direct transmission
of u1 is in outage by Pout,di = Pr{γ1,d < R̂}.

2) ACD low priority: With low priority u1 receives only
diversity branch A and transmits fewer bits than in the direct
case (n1 < n). Hence, the user employs only code rate R1 =
k/n1 which is always larger than R and achieves only a single
diversity branch.

For user 1 which uses (1,d) during the first phase this leads
to Pout,low = Pr{γ1,d < R̂1} for which Pout,low > Pout,di holds due
to R̂1 > R̂.

3) ACD equal priority (CC): Equal priority means that,
symmetrically, two spatial diversity branches are allocated
to each of the two users. Here CC is employed where both
users equally share their antennas during phase 2. However,
this symmetric cooperation only works if both users correctly
decode the partner’s n1 bits at the end of phase 1. Whether this
is the case, or if only one or no partner decodes correctly, de-
pends on the inter-user channel’s instantaneous SNR γ1,2,γ2,1

in relation to R1.

For two users this dependence on two channels leads to
four modes of cooperation. For ACD’s equal priority, we can
express these modes by introducing R̂2,1(β ) in (12) from [4]

as

Pout,eq = Pr{γ1,2 > R̂1}Pr{γ2,1 > R̂1} (1)

Pr{γ1,d < R̂1}Pr{γ2,d < R̂2,1}
+ Pr{γ1,2 < R̂1}Pr{γ2,1 < R̂1}Pr{γ1,d < R̂} (2)

+ Pr{γ1,2 > R̂1}Pr{γ2,1 < R̂1} (3)

Pr{(γ1,d < R̂1)(γ1,d + γ2,d < R̂2,1)}
+ Pr{γ1,2 < R̂1}Pr{γ2,1 > R̂1}Pr{γ1,d < R̂1}. (4)

This overall outage probability includes two symmetric and
two asymmetric modes. In the first symmetric mode (1) where
both users cooperate, u1 employs the diversity branches A,C
and u2 branches B,D. In the second symmetric mode (2) no
user cooperates. As with direct transmission u1 employs A,D
and u2 uses B,C, respectively. The asymmetric modes (3, 4)
occur if only one user cooperates. For a specific user, these
modes define the worst and the best case of cooperation. The
best case for u1 occurs if only u2 cooperates (3). Here, u2

uses merely B while allowing u1 to transmit its data via the
three branches A,C,D. If only u1 cooperates (4) this situation
reverses to u1’s worst case. For u1 this leaves only A which is
equivalent to low ACD priority. However, for u2 this is the best
case profiting from three diversity branches in the same cycle.
We employ this three-branch mode to define ACD’s high base
priority.

4) ACD high priority: Three diversity branches are allo-
cated to a high-priority user leaving a single branch and, thus,
low priority for the partner. This is similar to CC mode (3)
where only the “generous” user cooperates. However, different
than CC, ACD selects the high priority even if symmetric
cooperation is possible. For u1 this reduces (1 – 4) to

Pout,hi,c = Pr{γ1,2 > R̂1}Pr{(γ1,d < R̂1)(γ1,d +γ2,d < R̂2,1)} (5)

since, due to ACD’s selection, γ2,1 does not define the coop-
eration mode anymore. If u2 cannot cooperate this leads to

Pout,hi,nc = Pr{γ1,2 < R̂1}Pr{γ1,d < R̂} (6)

similar to (2) and direct transmission. Finally, the overall
outage probability of ACD’s high priority is defined by the
sum of (5) and (6), i.e. Pout,hi = Pout,hi,c +Pout,hi,nc.

We employ ACD’s priorities in the TACD scheme which is
proposed in the next section.

IV. TRAFFIC-AWARE ASYMMETRIC COOPERATION

DIVERSITY

Traffic-aware Asymmetric Cooperation Diversity (TACD)
is a combination of ACD with a simple traffic-aware packet
management scheme. TACD aims to increase the quality of
real-time media streams transmitted by both cooperating users.
TACD achieves this by adjusting the ACD priority of both
users’ media packets according to their relevance on the
stream quality. This is only possible if both streams consists
of elements of different relevance which is the case for the
most voice or video traffic if source-coded at variable bit
rate. The type of the element and, hence, its relevance can be
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derived by simple packet marking and inspection techniques,
e.g. as in [8]. Although we now discuss TACD exemplarily for
MPEG-4-coded video traffic, it does not depend on the actual
traffic type. To use it with other types of media streams, e.g.
voice, only a different packet inspection method is required.

Let us briefly recapitulate MPEG-4. At the application layer,
MPEG-4 streams consist of at least two types of video frames,
the most important I-frames and the less important P-frames.
While an I-frame contains a full picture, P-frames only in-
clude motion differences between subsequent I-frames. Hence,
information in P-frames is always based on the previous I-
frame and source-decoding errors within this reference I-frame
would propagate through the shown video stream until the
next I-frame occurs. For this reason, high priority should be
provided for I-frame-related packets while for P-frame packets
lower priority may be sufficient.

While this scheme seems rather straightforward, a problem
occurs if both users transmit packets of equal frame type. For
I-frame packets this would entail high priority for both packets
which is not possible with ACD where high priority for one
user always means low priority for the partner. For two P-
frame packets this would assign low priority to both of them
wasting the two phase 2 diversity branches.

TACD solves this conflict by using a simple method. During
phase 1 of the CC cycle, the users exchange data and each
user decodes and error-checks the k bits of its partner. If this
check succeeds, the user decides to cooperate. If not, the users
choose direct transmission or one of CC’s asymmetric modes.
If both users cooperate, with TACD a user further inspects the
partner’s decoded bits and derives how relevant this packet is
for the partner’s media stream. Hence, each user can compare
this relevance to the relevance of its own packet. Based on
this knowledge, both partners can now agree on their ACD
priorities without further communication as follows: If its own
packet is more important than the partner’s packet, a user
decides to choose high ACD priority. Low priority is chosen
if the own packet is less important. If both packets have equal
importance, e.g. two I-frame packets, equal priority (CC) is
selected. Finally, in phase 2, a user forwards partner’s data
(low or equal priority) or forwards own data (high priority).

As discussed above, the high and equal priority levels may
be further adjusted by β to support more than two packet
priorities, e.g. to support additional users or traffic types.

Compared to CC this method only requires to signal the
value of β to d. No further communication and coordination
between the three nodes is required. The only additional func-
tions at the end-user nodes are ACD and a packet inspection
scheme.

V. SIMULATION RESULTS

Based on our outage derivation we provide numerical results
for the outage probability in Fig. 3. Outage probability is
shown vs. mean uplink SNR Γu for three ACD base priorities
(β = 1), direct transmission, symmetric CC (β = 1), and for
two examples of β < 1.
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Fig. 3. Outage probability vs. Γu for Γi = 20 dB, moving users (v = 1 m/s),
R = 1/4, and α = 1/2. Shown for direct transmission, Coded Cooperation
(CC), ACD’s 3 base priorities (β = 1) and further priorities (β < 1).

For β = 1 the outage performance reflects our analysis
for ACD’s three base priorities (Section III). While worst
performance (highest Pout) is reached at low priority, naturally,
allocating L = 3 diversity branches with high priority leads to
best performance. The Pout difference between the priorities
depends on Γu since for very bad uplink channels (Γu → 0)
not even L = 3 helps. However, it always clearly separates the
three base priorities.

We can provide further priority levels by selecting β <
1. The resulting Pout increases for the “generous” user in
Fig. 3. This verifies that a smaller β effectively decreases the
priority of one user while equally increasing the priority of the
“benefiting” partner. As discussed, this is possible until for the
“generous” user the Pout of low priority is reached. With higher
priority the chosen β affects more phase 2 branches. Hence,
the shown effect of β increases with higher base priority.

We now study the effect of static ACD priorities and
TACD’s traffic-aware prioritization exemplarily for the per-
ceived quality of a transmitted MPEG-4 video. We constructed
our 23 s test video sequence, called Mobile/Akiyo/Football
(MAF), based on standard test material from [9] by combining
the low-motion test sequence akiyo with two high-motion
sequences. We source-encoded MAF at CIF size, mean bitrate
256 Kbit/s, and defined the I- and P-frame placement in the
stream by the standard 12-GOP IPPPPPPPPPPP. For the
resulting MPEG-4 stream we simulated cooperative and non-
cooperative transmission using a maximum packet size of
1500 Bytes. We chose the above coding and mobility parame-
ters, but changed the mean SNR to Γ i = 20 dB and Γu = 7 dB
to achieve a scenario where cooperation is relevant, i.e. “bad”
uplink channels but “good” inter-user channels.

We evaluate the quality of a transmitted video stream based
on the metrics Packet Error Rate (PER), Peak Signal-to-Noise
Ratio (PSNR), and Distortion In interVal (DIV) [10]. For each
metric, we study direct transmission, CC, static high/low ACD
priority, and TACD. Each of these transmissions is compared
with the not transmitted original video stream. Due to MPEG-
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4’s two frame types only two priority levels are required.
Hence, we only consider base priorities, i.e. β = 1.

First, we show PER results separately for I- and P-frame
packets in Fig. 4. In general, the PER results for each scheme
clearly reflect the above outage results. Naturally, static high
priority achieves the best performance, i.e. 0.09 % for I-
and 0.2 % for P-frame packets. However, the partner of the
high priority user always receives low priority, leading to
the worst PER for both packet types. The two temporal
diversity branches used by direct transmission lead to an PER
performance of 1.2 % for I- and to 1.9 % for P-frame packets.
CC increases this performance by symmetrically allocating
spatial and temporal diversity. This decreases the PER to
0.6 % for both packet types. Compared to CC, TACD’s traffic
aware allocation pays off by leading to no packet errors for
the important I-frames. However, it comes at the cost of an
increased PER of 1.7 % for P-frame packets.

To study TACD’s effect on the perceived video quality,
we employ two different metrics, each emphasizing different
aspects of human visual perception. First, the Distortion In
interVal (DIV) metric closely reflects perception by averaging
out very short impairments while still considering variations of
quality in time [10]. Second, the widely-accepted Peak Signal-
to-Noise Ratio (PSNR) is used to study instantaneous quality
changes. Fig. 4 includes results for the DIV metric which
counts the percentage of transmitted video frames worse than
the original within a certain time-interval. As expected, with
high priority only a slight distortion of 12 % occurs. However,
in this case the partner receives low priority leading to an
unacceptable high DIV of 93 %.

The further results demonstrate clearly that TACD’s priori-
tization of I-frame packets achieves higher video quality than
CC. While TACD’s traffic-aware diversity allocation results in
a mean DIV of 24 %, CC suffers from its symmetric allocation
and achieves merely 39 %. This performance of CC is close
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Fig. 5. Example PSNR vs. the 23 s of the MAF video consisting of 3 test
sequences [9]. Shown prior to transmission (Original) and after a single
transmission using direct transmission, CC, static ACD base priorities, and
TACD.

to direct transmission with a mean DIV of 53 %.
As an example, Fig. 5 shows the PSNR of all shown video

frames vs. the play-out time for a single transmission and
illustrates the three different parts of the MAF sequence.
Apart from an offset due to these video parts, only slight
PSNR changes occur in the low motion part. Here, the video
sequence varies only slowly and errors due to fading can be
concealed using subsequent video frames. This compensation
is not possible for the high-motion parts where the sequence
changes rapidly. As shown, these rapid changes lead to more
frequent PSNR decreases for all transmission schemes, except
for the static high priority which mostly achieves original
PSNR. Obviously, in this case the partner receives static low
priority resulting in the most frequent quality impairments.

Finally, by comparing CC and TACD, we can conclude
that, although less frequent, CC results in longer and more
severe impairments than TACD. These long PSNR decreases
are caused by the propagation of I-frame errors through the
shown video and lead to a larger DIV than with TACD. Hence,
both video metrics clearly show that prioritizing the important
I-frames with TACD is beneficial in terms of visual quality.

VI. CONCLUSION

In this paper, we introduced Asymmetric Cooperation
Diversity (ACD) as a new method to prioritize the traffic
of cooperating users by asymmetric diversity allocation. We
discussed its integration into the Coded Cooperation (CC)
scheme and analyzed outage probability for the resulting
diversity priorities. In addition to analysis, simulation results
for outage probability, Packet Error Rate (PER), and two
video quality metrics demonstrate the effect of static ACD
prioritization.

Further, we proposed the TACD scheme as a possible
control algorithm for ACD. TACD dynamically adjusts ACD’s
priority level to the importance of the cooperating users’
current media streaming packets. This adds no additional
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queueing delays, e.g. due to packet scheduling, and only minor
communication overhead to a cooperative system. Neverthe-
less, as we show exemplarily for real-time video streaming,
it can significantly decrease the Packet Error Rate for the
important parts of the stream. In scenarios with “bad” uplink
channels, this, in turn, increases the overall streaming quality
perceived by the users.
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