
Improving Network Coded Cooperation
by Soft Information

Tobias Volkhausen, Dereje H. Woldegebreal, Holger Karl
University of Paderborn, Germany,{tobias.volkhausen, dereje.hmr, holger.karl}@upb.de

Abstract—Bit-wise XOR network coding has been shown to
perform well in cooperative wireless transmission because of
its simple coding operation and and overall robustness increase
due to combining of several messages. Our aim is to develop
a cooperation protocol that uses basic and easy to implement
operations but still combines the messages well and achieves
good performance. For this purpose, we modify the conven-
tional network-coded cooperation protocol to work with soft
information using low complexity operations. We analyze the
performance by first deriving a closed form Bit Error Rate (BER)
approximation and then verify its correctness by simulation. Both
analytic and simulation results show that the BER approximation
is accurate and that the new protocol gains about5dB in an
indoor scenario with mobility. We conclude that soft information
should be used whenever possible, and that it works especially
well in the proposed combining scheme with network coding.

I. I NTRODUCTION

Wireless networks are rarely deployed in a completely static
and stable environment in which channels remain constant
all the time. Moving people, driving cars, or even a rotating
robotic arm are enough to change the channel state drastically
and will ultimately lead to transmission errors. One bad
channel in a network is not too much of a problem because it
can be routed around, but if the wireless conditions change
frequently the routing protocol may be too slow to adapt.
Another approach would be to retransmit in case of failure,
which works as long as the channel state changes fast enough.
Often, the state changes too fast for a routing protocol to keep
up with, but still too slow to make retransmission valid.

A way to deal with this problem is cooperative relaying. It
exploits the broadcast nature of the wireless medium and takes
advantage of both temporal and spatial diversity, which is also
referred to as user cooperation diversity [1]. Such cooperation
can be achieved by two source nodes that both try to transmit
to the same destination node. For these situations, methodsof
network coding are particularly well suited. We are interested
network coded in a cooperation protocol with low complexity
that can cope with mobility or even exploit it to improve
performance.

We take the conventional network coded cooperation pro-
tocol whose outage probability was investigated in [2] and
extend its combining operation at the destination. In the new
protocol, the destination uses soft information to furthercom-
bine received messages, which substantially reduces errors.
We identify the error event of the new protocol and calculate
its probability to derive a closed form BER approximation.
Additionally, we simulate different scenarios of varying mo-
bility using a continuous channel model. This allows us to

compare the new protocol to others and to verify the BER
approximation.

Various approaches to cooperative relaying have been pro-
posed. In their work [3], Laneman et al. show that so-called
Selection Decode-and-Forward (SDF) protocols can reach full
diversity by only forwarding correct data (i.e. by Cyclic
Redundancy Check (CRC)), which was later loosened to be
based on a threshold decision [4] or partial forwarding [5]
of the correct data. The work in [6, 7] also uses network
coding for cooperation and a similar topology, but a perfect
source-partner channel with channel coding and joint decoding
at the destination is assumed. Another approach to network
coded cooperation, described in [8, 9], superimposes different
transmission and takes advantage of soft information during
iterative decoding. The use of soft information at the partner,
as opposed to our use at the destination only, has been
investigated in [10–12].

The remainder of this paper is structured as follows. A
detailed description of the chosen topology, soft operations,
and cooperation protocol can be found in Sec. II. The co-
operation protocol is then analyzed in Sec. III to obtain a
BER approximation, which is used in the performance study in
Sec. IV as a comparison to other simulated protocols. Finally,
the conclusion is drawn in Sec. V.

II. SYSTEM DESCRIPTION ANDPROTOCOLDESIGN

We consider the 3-node triangle scenario shown in Fig. 1 in
which two nodes,A and B, cooperate to send their data to a
destination nodeD. Each node is equipped with a single om-
nidirectional antenna. The wireless model assumes a non-line-
of-sight situation in a mobile environment with frequency-flat,
half-duplex, i.i.d. Rayleigh fading channels with instantaneous
Signal-to-Noise Ratio (SNR)γ and mean SNRΓ, where small-
scale fading is parameterized by a maximum Doppler shift
based on the maximum velocityv. Instead of assuming block-
fading, we model fading per modulation symbol using the
common “Jakes-like” method with the “land mobile” autocor-
relation function (Table 2.1 in [13]). This widely-used model
is suitable for mobile indoor or urban scenarios with many
stationary, uniformly distributed scatterers. Other parameters
are based on IEEE 802.15.4 specifications, particularly the
mode with 868 MHz carrier frequency, 25µ BPSK modulation
symbols and no channel coding.

The cooperating nodes may assume two roles, that of the
source and that of the partner. As a source they send their own
data, while as a partner they aid a source by relaying its data.



A cooperation cycle is split into two phases. In the first phase,
both source nodes,A andB, transmit their message, which is
received by their respective partners,B and A, as well as the
destinationD. In the second phase, the partners transmit again,
taking into account what they received in the previous phase.

Fig. 1. Topology of the three node cooperation scenario, showing designation
of mean and instantaneous channel SNRs.

A. Cooperation roles

The specific actions of the source, partner, and destination
are illustrated in Fig. 2. The source modulates and transmits its
message; the action of the partner is determined by whether
or not it was able to demodulate correctly. At the partner,
the correctness of a message is verified by a CRC. In case
there is no error, the two messages from source and partner
are network coded. If the source message is erroneous, it
is discarded and only the partner’s own message is sent
instead. Finally, the destination, having received a totalof
four transmissions, is tasked to combine messages. Before
demodulation, signals are combined using Maximum Ratio
Combining (MRC) [14] to improve signal quality. Afterwards,
network coding is reversed if possible, finishing the conven-
tional network coded cooperation protocol. At this point, the
destination may have two (potentially erroneous) copies of
a source message: one received in the first phase, another
obtained by undoing the network coding. If only hard bits
of these messages are available, all the destination can do is
to pick one. However, in the new protocol we propose to do
all operations at the destination on soft bits. This allows the
destination to perform a further combining step, the soft MRC,
which further reduces errors.

Fig. 2. Roles of source, partner and destination in the network coded
cooperation protocol with soft operation extension of our new protocol (grey
area).

B. Soft operation

When demodulating an analog signal, a decision has to be
made whether a 1 or a 0 was received. This decision discards
useful information because the final binary value no longer
includes information of how reliable the demodulation process
was. This leads to the concept of soft bits which also express
their confidence in the binary value.

We use the bipolar representation of the regular bit∈ {0,1},
also called hard bit, that maps 0→ 1 and 1→ −1. This
mapping suggests a way to define a soft bits ∈ R as a real
value. The absolute value|s| conveys a sense of confidence
(higher absolute value means higher confidence), while the
sign indicates the binary value. For example, a soft bit of 0.5
and 1.5 represent the same hard bit, but they express a different
confidence in its correctness. A more detailed introductionto
soft bits can be found in [15].

For BPSK modulation that maps 0→ 1 + 0 j and
1→−1+0 j, the initial soft bits can be obtained by calcu-
lating the real value of the received complex symbol.

Soft bits are extremely useful when combining data. Con-
sider a bit that originated from the same source but traveled
over different paths. The destination receives two copies of
the same bit. When trying to combine these two as hard bits,
there is no way to tell which one was correct. If, on the other
hand, soft bits are available, it is just be a matter of takingthe
one with higher confidence in its correctness. We will call this
form of combiningsoft MRC because it was shown in [16] to
reach MRC-like performance when demodulating the received
signals into soft bits first and then taking their average.

Furthermore, the network coding operation was extended to
the soft domain in [15] to preserve the soft information. This
operation, which corresponds to the XOR on hard bits, for two
soft bits s and t is given by the following equation Eq. 1:

s⊕softt ≈ sign(s)sign(t)min(|s|, |t|) (1)

Note that Eq. 1 is the regular XOR operation on hard bits if
the hard bits are in their bipolar representation.

C. Cooperation protocol with soft information extension

Depending on whether or not the partners were able to
receive correctly, there are different cases for what the desti-
nation receives: both partners receive correctly (case 1),only
one of the receives correctly (case 2 & 3) and neither partner
receives correctly (case 4). Each of these cases requires the
destination to perform different combining operations, which
are detailed in Fig. 3.

a) Case 1 (Both A and B receive correctly): Both part-
ners A and B receive correctly and send the network coded
messagê(a⊕b)1 and ̂(a⊕b)2. This allows the application of
MRC and the destination obtains an improved version ofa⊕b,

namely (̃a⊕b). In turn, this can be used to reverse network

coding and yields ˜a = (̃a⊕b)⊕ b̂ and b̃ = (̃a⊕b)⊕ â. If the
demodulation and network coding are done in the soft domain
(soft demodulation and soft network coding), the resultingã
and b̃ can be further combined with ˆa and b̂ by means of soft



Fig. 3. Message combining at the destination with new soft operations (dark
shaded area) for different cases of cooperation.

MRC, yielding the finala′ andb′. Note that in this three step
process each of the final messages is combined using all of
the four received messages.

b) Case 2 & 3 (Only one partner receives correctly):
Here, the partnerB does not receive correctly and only
retransmits its own message. The two copiesb̂1 and b̂2 are
combined intob̂ by means of MRC. Then, similar to case 1,
network coding and soft MRC are performed to get the finala′

andb′. Technically, only one of the cases is shown in Fig. 3,
but, switching the roles ofA andB will cover the missing one.

c) Case 4 (Neither A or B receive correctly): In this case
both partners retransmit their own information, which leads to
two copies ofa and b. These ˆa1, â2 and b̂1, b̂2 are pairwise
combined into the finala′ and b′ using MRC. No network
coding takes place.

III. B IT ERRORANALYSIS

We derive an expression for the error probability of the
cooperation protocol proposed in Sec. II, in particular itsBit
Error Rate (BER), in three steps. First, the error event is
defined, then, the error probability of a single bit is determined
based on instantaneous SNR, and finally, this error probability
is averaged to get an expression for BER in terms of mean
SNR.

A. Error Event

All the considerations here are done on a single transmitted
bit from each source to the destination. We define theerror
event as the event in which the destinationD ends up with
an incorrect bit from either sourceA or B. The notation∧, ∨,
and Ā1 are used for the logical AND, OR, and the negation
of event A1. Furthermore, we define four events,A1,A2,B1,
andB2, for the successful transmission of sourcesA andB in
phases one and two, respectively.

1) Case 1 (Both A and B receive correctly): In the second
phase, the destination performs MRC on the bits, so it receives
correctly if either bit is correct. This is abbreviated by the event
C = A2∨B2. Due to the use of network coding, the destination
is able to recover everything as long as it receives any two out
of three bits (a, b, a⊕b) correctly, which leads to the following
equation for error eventE1.

E1 = (Ā1∧ B̄1)∨ (Ā1∧C̄)∨ (B̄1∧C̄)

= (Ā1∧ B̄1)∨ (C̄∧ (Ā1∨ B̄1))
(2)

2) Case 2 (Only A receives correctly): This case is similar
to case 1, only this time the MRC is performed on the two
transmissions fromB and suggests the definition of an event
B = B1∨B2. Using this event, the error eventE2 is:

E2 = (Ā1∧ B̄)∨ (Ā1∧ Ā2)∨ (B̄∧ Ā2)

= (Ā1∧ Ā2)∨ (B̄∧ (Ā1∨ Ā2))
(3)

3) Case 3: (Only B receives correctly): Again, similar
to case 2 using the eventA = A1 ∨A2 yields the following
expression for the error eventE3.

E3 = (Ā∧ B̄1)∨ (Ā∧ B̄2)∨ (B̄1∧ B̄2)

= (B̄1∧ B̄2)∨ (Ā∧ (B̄1∨ B̄2))
(4)

4) Case 4: (Neither A or B receive correctly): In this case
both sources retransmit their bit in the second phase. An error
occurs if either of them does not manage to transmit in both
phases and is described by the error eventE4.

E4 = Ā∨ B̄ (5)

B. Bit Error probability

We are interested in the error probability for uncorrelated
transmissions, which means the eventsA1,B1,A2, andB2 are
all independent. These events correspond to the instantaneous
SNR γA1,γA2,γB2,andγB2.

The error probability for a single link of a Rayleigh fading
channel employing BPSK modulation is given and can be
approximated [17] by the exponential function Eq. 6.

Pr(Ā1) ≈
1
2

e−γA1 (6)

There will be long expressions, so that a shorthand notation
will be useful. For this purpose, we definePk,l,m,n with
k, l,m,n ∈ {0,1}.

Pk,l,m,n = Pr(Ā1)
kPr(B̄1)

lPr(Ā2)
mPr(B̄2)

n

≈ 2−(k+l+m+n) (e−γA1)k (e−γB1)l (e−γA2)m (e−γB2)n

(7)



1) Case 1: (Both A and B receive correctly): The probabil-
ity of the event defined in Eq. 2 can be expanded as follows.

Pr(E1) = Pr((Ā1∧ B̄1)∨ (C̄∧ (Ā1∨ B̄1)))

= Pr(Ā1∧ B̄1)+Pr
[

C̄∧ (Ā1∨ B̄1)
]

−Pr
[

Ā1∧ B̄1∧C̄
]

= Pr(Ā1)Pr(B̄1)+Pr(C̄)Pr(Ā1∨ B̄1)

−Pr(Ā1)Pr(B̄1)Pr(C̄)

= Pr(Ā1)Pr(B̄1)

+Pr(Ā2)Pr(B̄2)
[

Pr(Ā1)+Pr(B̄1)−Pr(Ā1)Pr(B̄1)
]

−Pr(Ā1)Pr(B̄1)Pr(Ā2)Pr(B̄2)

This leads to the following final expression for the error
probability, using the short notation of Eq. 7.

Pr(E1) = P1,1,0,0 +P1,0,1,1 +P0,1,1,1−2P1,1,1,1

2) Remaining cases: Unlike case 1 we do not show the full
derivation of the error probability for the remaining casesbut
only the end results, because they are very similar.

Pr(E2) = P1,0,1,0 +P1,1,0,1 +P0,1,1,1−2P1,1,1,1

Pr(E3) = P0,1,0,1 +P1,0,1,1 +P1,1,1,0−2P1,1,1,1

Pr(E4) = P1,0,1,0 +P0,1,0,1−P1,1,1,1

C. Bit Error Rate

The overall BER consists of the individual BER of the
four cases (BER1, . . . ,BER4), weighted by their occurrence
probability. To note this probability we define the two events
AB andBA for successful transmission ofA andB in the first
phase.

BER= Pr(AB)Pr(BA)BER1 +Pr(AB)Pr(B̄A)BER2

+Pr(ĀB)Pr(BA)BER3 +Pr(ĀB)Pr(B̄A)BER4
(8)

The joint Probability Density Function (PDF) for indepen-
dently Rayleigh distributed channel coefficients is an expres-
sion of the mean SNRΓA andΓB

PDF(γA1,γB1,γA2,γB2) =
1

Γ2
A

1

Γ2
B

e
−

γA1
ΓA e

−
γA2
ΓA e

−
γB1
ΓB e

−
γB2
ΓB

The BER of the error events in Subsec. III-B is determined by
multiplying and integrating the derived equations. Since these
operations are linear, it is sufficient to perform the operation
isolated on thePk,l,m,n term (Eq. 7) and then apply the results
to the whole expression.

BERPk,l,m,n =
∫ ∞

0
Pk,l,m,n PDF(γA1,γB1,γA2,γB2) dγ

= 2−(k+l+m+n)

·

∫ ∞

0

1
ΓA

e
kγA1

(1− 1
ΓA

)
dγA1

∫ ∞

0

1
ΓB

e
lγB1(1− 1

ΓB
)
dγB1

·
∫ ∞

0

1
ΓA

e
mγA2

(1− 1
ΓA

)
dγA2

∫ ∞

0

1
ΓB

e
nγB2(1− 1

ΓB
)
dγB2

=
2−(k+l+m+n)

(kΓA +1)(lΓB +1)(mΓA +1)(nΓB +1)

Similar operations are performed to evaluate Pr(AB) and
Pr(BA) based on their respective mean SNR,ΓAB andΓBA.

Pr(AB) =
1

2(ΓAB +1)

Pr(BA) =
1

2(ΓBA +1)

Putting it all together recursively starting with Eq. 8 results in
a complete expression of BER(ΓA,ΓB,ΓAB,ΓBA). Assuming, as
illustration, Γ = ΓA = ΓB = ΓAB = ΓBA this can be simplified
to the following equation.

BER=

(

1−
1

2(Γ+1)

)[

1
4(Γ+1)2 +

1
8(Γ+1)3 −

1
8(Γ+1)4

]

+

(

1
2(Γ+1)

)[

1
2(Γ+1)2 −

1
8(Γ+1)4

]

(9)

IV. PERFORMANCESTUDY

We study the effect of using soft bits and soft operations in
network coded cooperation protocols. The protocols described
in Sec. II for hard and soft bits are compared to the BER
approximation (Eq. 9) derived in Sec. III, to the SDF protocol
proposed in [3] and also to simple direct transmission with
doubled transmission power (for fair comparison to the other
protocols, which retransmit messages).

The MATLAB simulator generates actual 500 Byte long
messages, modulates them using Binary Phase Shift Keying
(BPSK) modulation into complex symbols and simulates
transmission using channel objects that generate Rayleigh
distributed fading coefficients for each modulation symbol.
These channels are parameterized with a maximum Doppler
shift to influence how fast the channel state changes and to
model different levels of mobility as well as identical mean
SNR Γ. We are interested in how the protocols perform
in environments with varying mobility: almost no mobility
(v = 0.1 m/s), a typical indoor scenario (v = 1 m/s) and a
vehicular scenario (v = 20 m/s).

The plot for the typical indoor scenario is shown in Fig. 4.
Cooperation shows clear benefits over direct transmission.
Among the cooperation protocols, the new network coded
protocol with soft information clearly shows the best perfor-
mance with a significant margin, of about 5 dB in the 10-20
mean SNR region, to the conventional protocol. This is owing
to using one more message to reduce errors after the final
combining. The new protocol is approximated very well by
the analytical result, because the channel state changes fast
enough to make the assumption about independent error events
valid. The conventional protocol still performs better than SDF
cooperation, which verifies a result in [18, 19].

The higher mobility for the vehicular scenario in Fig. 5
harms the conventional network coding and SDF protocols.
The SDF protocol suffers because the partner rarely forwards
its data due to a fast changing channel, which introduces
frequent, albeit short, errors that make the CRC fail. Similar
problems effect the conventional network coding protocol,
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Fig. 4. End-to-end BER vs. mean SNR for different cooperationprotocols;
v = 1 m/s, 105 transmitted messages per shown mean value, and 95%
confidence intervals

which does not combine as many messages as the new one.
The new protocol copes very well, due to the ability to
combine many soft bits, and still resembles the analytical
approximation.
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Fig. 5. End-to-end BER vs. mean SNR for different cooperationprotocols;
v = 20 m/s, 105 transmitted messages per shown mean value, and 95%
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Finally, in the scenario with close to no mobility (Fig. 6), the
new network coded protocol does no longer perform as well
as before and does not match the analytical result anymore.
This is because the independence assumptions in Sec. III do
not apply anymore. Furthermore, the BER of all cooperation
protocols is close, with the new network coded protocol still
in the lead.

0 5 10 15 20 25 30

10
−6

10
−5

10
−4

10
−3

10
−2

10
−1

Mean SNR Γ [dB]

B
E

R
e2

e

 

 

Direct
SDF (CRC)
NC (conventional)
NC (new)
Analytic

Fig. 6. End-to-end BER vs. mean SNR for different cooperationprotocols;
v = 0.1 m/s, 105 transmitted messages per shown mean value, and 95%
confidence intervals

Overall, the new network coded cooperation protocol, which
uses soft information, is best. It performs particularly well
in high mobility scenarios and still performs better than the
conventional protocol in the scenario without mobility.

V. CONCLUSION

With soft information available at the destination, the
conventional network coding cooperation protocol may be
replaced by the new, superior, soft information enhanced
protocol. For this protocol we derived a closed form BER
approximation that can be used to instantly evaluate situations
with channels of arbitrary mean SNR. For symmetric mean
SNR, we simulated the different protocols and showed that
the approximation is accurate for mobile scenarios.

The degree of mobility influences the lead of the new
protocol over the old ones: from a slight improvement at no
mobility to a drastic improvement at very high mobility. This
makes the new protocol an ideal candidate for implementation,
as it may improve BER substantially, yet never perform worse
than the old network coding protocol. This makes a change to
a soft-bit architecture at the destination well worth it.
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