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Abstract—Network Coding (NC) is a technique applied to
transmit combined packets rather than sending them separately,
resulting in both data rate and bandwidth savings. In this paper,
the behavior of hard and soft decision encoding/decoding is
investigated using Partial Unit Memory Turbo Code (PUMTC)
as the forward error correction method, over the physical layer
when communication between users (nodes) is performed via
an Amplitude and Forward (AF) Base Station (BS). NC is
applied in the BS over the received packets before forwarding
them to the destination. The simulation results show that soft
decision encoding/decoding outperforms hard decision decoding,
by around 0.4 dB which is regarded as a good improvement,
taking into consideration that the system becomes less complex
due to the removal of the hard decision block before decoding
the received data in the BS and at the destination.
Index Terms—Physical Layer, Forward Error Correction, Amplify and Forward.

I. I NTRODUCTION
Network Coding (NC) is a technique used to combine the
data before sending them, resulting to better bandwidth and
less traffic, which was proposed in [1]-[4]. NC can be applied
over the physical layer by using the XOR operation to combine
more than one packet, if we assume that we have equal length
packets each with m bits; that means that multiple packets can
be combined into one m-bit packet. So, sending one combined
packet decreases the number of the transmitted packets and
hence improves the transmission data rate [5]-[9]. Moreover,
NC can be applied over erasure channels (data link layer),
which improves the Packet Error Probability significantly [10][13]. Since NC has been applied to information transference
for huge-sized and high-dimensional data, such as energy
consumption data and billing information in Smart Grid,
relative security and denoising issues have been investigated
in previous research works [14]. Efficiency and complexity
investigation among various NC schemes are raising more and
more interests.
In this paper, NC is proposed to be applied over the physical
layer, using both hard and soft decision, and hence a real and
practical comparison between them is obtained, using Partial
Unit Memory Turbo Code (PUMTC) as the forward error
correction method. PUMTC codes were introduced by Lauer in
1979 [15]. PUM codes are multiple-input convolutional codes,
which gives the optimal Maximum free distance versus the
data rate and number of memory units and input bits. The
main advantages of PUM code over classical convolutional
codes are the reduced number of states in the trellis diagram
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for the same number of input encoder bits, and a larger free
distance for the same trellis state complexity [15]. Because the
number of memory units is more than zero and less than the
number of the input bits, PUM codes holds an intermediate
position between block (zero memory units) and convolutional
codes (more memory units than input bits), as shown in [17].
Unlike [18], which proposed a method to decompose the
general network to small building blocks of physical NC, the
proposed work in this paper is directed to the general physical
layer network with modifying the decoding process to obtain
better decoding results. Though [19] introduced a novel idea to
make the physical layer communication more reliable by using
judiciously chosen linear error-correcting codes, or proposing
intermediate nodes; this paper again did not introduce the
principle of soft value decoding in the intermediate nodes.
As a result for the intermediate memory structure, PUM
code has the properties of both block and convolutional codes
enabling it to be suitable for many practical systems. Moreover, the non-binary inputs and outputs of PUM codes enhance
a larger flexibility for the generation of rate-compatible and
adaptive codes [17]. The rest of the paper is as follows: Section
II explains the proposed system. Section III illustrates the
simulation results, and finally, section IV concludes the work.
II. N ETWORK C ODING OVER P HYSICAL L AYER
In this contribution, we propose a practical power- and
bandwidth-efficient system based on Amplify and Forward
(AF) scheme to address the problem of information exchange
via a relay. The key idea is to channel encode each sources
message by using PUMTC codes to enhance the bit-error-rate
performance, then reduce the energy consumption and increase
spectrum efficiency by using NC to combine individual nodes
messages at the relay. The low complexity physical layer NC
scheme proposed in this work is based on spatial and temporal
combinations of received source messages at the relay. The
Simulation results is collected under Additive White Gaussian
Noise (AWGN), which confirm that the proposed schemes
achieve significant bandwidth savings and fewer transmissions
over the benchmark systems which do not resort to NC.
Capacity theoretical limits and behaviour at Signal to Noise
Ratio (SNR) for the proposed schemes is shown in [11]. The
way PUMTC is implemented in the proposed hard and soft
decoding systems is shown in Figs. 1 and 2, respectively.
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Fig. 1. Hard decision decoding for Network Coding proposed system.
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Fig. 2. Soft decision decoding for Network Coding proposed system. GE
denotes Gaussian Elimination.

The encoded packet xi is sent to the BS through the UpLink channel (UL) to be received as a soft value packet, i. e.,
the transmitted packet added to AWGN as shown in (1):
si = xi + ziU L ,
(1)
where si is the received soft value in the BS and ziU L is the
uplink i.i.d. Gaussian noise of unit power independent of the
source signals.
When NC is not applied, the BS only amplifies the received
soft value before forwarding to the destination. Accordingly,
the received soft value at the destination is shown in (2):
ŝi = AAF si + z DL = AAF (xi + ziU L ) + z DL ,
(2)
where ŝi is the received soft value, AAF ≥ 1 is the amplification factor at the BS, and z DL represents AWGN in the
Down-Link (DL).
When applying NC in the BS for two users as an example,
the BS applies NC over soft values (Figs. 1 and 2), and then
send combine soft value packet to the destination, as shown

s1−2 = AAF p (x1 + z1U L + x2 + z2U L )

(3)
= AAF p (s1 + z1U L + s2 + z2U L ),
Where s1−2 is the transmitted soft value combined packet,
which is sent from the BS to the destination.
In the case of hard decision values (Fig. 1), the destination uses a hard decision decoder over the received packets,
XORing the resulting packets to retrieve the desired packet.
Accordingly, the network coded packet received at the destination is shown in (4):
DL
sr 1−2 = AAF p (x1 + z1U L + x2 + z2U L ) + z1−2
(4)
DL
= AAF p (s1 + s2 ) + z1−2
,
where AA F p ≥ 1 is the amplification factor applied in the
BS over the noisy combined packet, and sr 1−2 is the received
soft value at the destination. As a result, the retrieved packet
at the destination is given by (5):
x̂1 = x̂1−2 ⊕ x2 ,
(5)
where x̂1 is the retrieved packet from which sent from the
first destination at the second destination, and x̂1−2 is the hard
decision decoded combined packet at the second destination.
In the soft decision scenario (Fig. 2), the receiving destination performs soft decision decoding directly over the received
soft value of the combined packet without applying the hard
decision decoding, as a result, the PUM turbo decoder soft
value for the combined packet is then used to retrieve the soft
value of the desired information packet as shown in (6):
sr 2(sof t) = sr 1−2(sof t) − x2 ,
(6)
The soft value of sr 2(sof t) is then passed to hard decision
decoder to retrieve the desired final information data.
It is noticeable that using hard decision results in losing
information through the hard decision decoding process, hence
the second design is proposed to avoid this leak of information
as shown in Fig. 2.
It is clear that using soft decision simplifies the system as
there is no need to re-encode and modulate the estimated data.
Finally, we could use both designs as a way of error detection,
i.e. obtain the same results by the two different designs and
then compare the result. In the case that both designs give the
same output, we confirm it as a final result, but when the result
is different, we can consider this as error detection evidence,
hence, we re-decode the received data. As our research is
aimed at NC, we leave this research point at this level and
just show the BER results for both designs.
III. S IMULATION R ESULTS
We use Partial Unit Memory Turbo codes (PUMTC) introduced in [17] and showing capacity approaching performance
via EXIT charts in [20]. In our systems, transmission is
simulated over AWGN, using BPSK modulation for rate 1/3
PUMTCs based on (4,2,1,4) PUM component codes, and a
pseudo-random interleaver of size 1000 bits. We set the transmitted signal amplitude AF=4 and four decoding iterations for
the simulation run as it gives the best average results. The BER
performance curves are obtained by simulating transmission
of at least 108 bits with at least 100 bit errors for statistical
significance.
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Fig. 3. AF and DF systems based on (4,2,1,4)-PUMTC with 4 decoding
iterations. The figure demonstrates the effect of increasing the amplification
factor [7].

Fig. 3 shows the normal behavior for PUMTC (4,2,1,4)
when changing the Amplification factor (AF) for Amplify and
Forward (AF) Base Station (BS), and Decode and Forward
(DF) BS. It is clear that decoding the data in the BS before
forwarding them improves the Bit Error Rate (BER) significantly, however, the PUMTC encoder-decoder processing time
increase together with the system complexity.
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Fig. 4. BER for Soft and hard decision decoding for AFp (4,2,1,4) at M = 5.

Fig. 4 shows the decoding performance for the propose AF
when M = 5, which means that we have five nodes exchange
their data through the relay. Both soft value and hard values
have been performed, and results show that soft value decoding
gives better performance, mainly at high BER values, this gap
reaches 0.4 dB at BER of 104, and the gap goes as small as
just 0.15 dB at BER of 105 .
IV. C ONCLUSION
In this paper, applying Network Coding (NC) over the
physical layer is proposed using Partial Unit Memory (PUM)
code. Both hard and soft decision decoding is performed over
Amplify and Forward relay using (4,2,1,4) PUM components,
and the results show that the soft decision decoding system
outperforms the hard decision by 0.4 dB without causing any
extra complexity for the system. This improvement is justified
by the fact that the soft decision decoder does not lose any
amount of the received information, unlike the hard decision
where the decoder loses valuable amount of information
when using the hard decision decoding before passing the
information to PUM decoder to obtain the recovered data.
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