
RESEARCH Open Access

Performance analysis of partial transmission
cooperative strategy with unreliable relays
Yuanhao Liu* , Tao Shang*, Yan Gao and Zanyang Dong

Abstract

The cooperative communications show the great advantage on the relays that can share their resource to improve
the decoding of destination. However, relays are considered not reliable due to a low signal strength or high
interference, where the relays only transmit a fraction of the message. To solve this problem, in this work, the block
processing are implemented in partial transmission (PT), which allows the relays to divide the source information
into small blocks and calculate the reliability information of the message. In the destination, a correlated spatial
reception scheme is designed to jointly decode several information copies. The motivation is that even if each relay
may not decode the message completely correct, the relay can still improve the decoding of destination. This
paper formulates the end-to-end outage probability of PT with unreliable relays. Simulation shows the proposed
strategy can provide a significant improvement over the conventional strategies with unreliable relays.
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1 Introduction
Cooperative communications, as an emerging concept for
wireless networks [1, 2], have received the significant at-
tention recently. As a distributed transmission, the co-
operative communications enable the neighboring nodes
to share the resources to participate in the information
transmission, through which the relays provide the spatial
diversity as well as multiplexing gain for the destinations.
Therefore, cooperative communications improve system
performance and robustness of wireless networks, espe-
cially in some severe attenuation environments.
The idea of cooperative communications can be traced

back to 1979 [1]. In recent years, various cooperative
relaying protocols such as amplify-and-forward (AF) relay-
ing strategy [2], decode-and-forward (DF) relaying strategy
[3, 4], and their successors are proposed for wireless net-
works. Most of them adopt either maximal ratio combin-
ing or equal gain combining at the destination. Some
work of them utilizes optimum power and time allocation
[5], soft information [6], or global information [7] to get
the performance improvements. The concept of relaying
has been integrated into the fifth generation (5G) commu-
nication [8] and cellular structure [9], which has been

written in the World interoperability for Microwave Ac-
cess (WiMAX) standard [10] and Wireless World Initia-
tive New Radio (WINNER) standard [11, 12]. The relay
selection techniques have also been studied extensively,
and several selection criteria that select the “reliable” re-
lays have been proposed [2, 8, 13, 14]. Moreover, cooper-
ation techniques have also been considered in some latest
communication standards such as IEEE 802.11s standard
[6], IEEE 802.16j standard [10], and 3GPP’s Long Term
Evolution (LTE)-Advanced standard [15].
The relay’s ability to reliably forward the message deter-

mines the performance of cooperative communications. In
relay’s AF strategy, the relays amplify the signal and then
forward the message originally [16]. The message as well as
the noise is sent together with the amplified signal strength;
hence, the SNR at the destination is not improved. While
in relay’s conventional DF strategy, the relays need to de-
code the messages before they forward the messages, where
the SNR at receiver can be improved [17]. Then, the select-
ive decode-and-forward (SDF) strategy [2] is proposed. The
SDF falls back to direct transmission if the relay cannot de-
code, where the energy can be saved compared to DF.
Moreover, the concept of lossy forward (LF) is proposed,
where the relays always forward the message with its soft
information on each bit, even though it may contain errors* Correspondence: 562675696@qq.com; shtsun_sjtu@hotmail.com

School of Telecommunications Engineering, Xidian University, Taibai South
Road, Xi’an 710071, China

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.

Liu et al. EURASIP Journal on Wireless Communications and Networking
 (2018) 2018:198 
https://doi.org/10.1186/s13638-018-1220-4

http://crossmark.crossref.org/dialog/?doi=10.1186/s13638-018-1220-4&domain=pdf
http://orcid.org/0000-0002-3591-6049
mailto:562675696@qq.com
mailto:shtsun_sjtu@hotmail.com
http://creativecommons.org/licenses/by/4.0/


[6, 18]. With the LF scheme, the destination always receives
the most useful information.
In this paper, we consider the situation where the relays

have a high probability of failing in decoding the message
due to the severe attenuation in channel or low SNR of the
source. In AF, DF, and LF, the wrong message transmitted
results in unwanted resource assumption. And in SDF, the
solution to this problem is to let the relay make the deci-
sion whether its output is correct or not and discard it if it
turns out to be erroneous. However, this may result in los-
ing useful information that may help the destination’s de-
coding, because the discarded information sequences have
high probability to be decoded partly correct.
In this paper, we analyze the partial transmission (PT) co-

operative strategy, which can overcome the shortcomings
aforementioned. Compared to LF, PT allows relays to dis-
card the bits with low soft information according to the
channel state, which in fact allows the relays to make the de-
cision for the destination. Moreover, the saved power helps
to increase the transmit SNR for the useful information. As-
suming that the power assumption to send every bit is iden-
tical, we implement the optimal block process, where the
transmitted information from source is divided into a cer-
tain amount of information blocks in relay. The relays ob-
tain the reliability information of the transmitted
information bits by implementing the soft-input soft-output
(SISO) decoders. With the channel state information (CSI)
at receivers, the relays are able to calculate the optimal num-
ber of the correctly decoded information blocks. Conse-
quently, the relays only forward the information blocks with
low error probability. Correspondingly, the destination em-
ploys block combining to jointly decode the message. We
derive the end-to-end outage probability of the proposed
strategy as a function of the transmission rate and SNR with
M-relaying. In addition, the numerical simulations are
carried out in both one-relaying system and two-relaying
system. Continuous changing channels show the advantage
of the proposed strategy. The results show that the pro-
posed strategy can get more diversity gain from the
relay-to-destination channel and provide a significant im-
provement over the conventional strategies, particularly
when the relay cannot reliably decode the message. We
note that the more information transmission rate and
channel gain from relay to destination are, the greater im-
provement PT can get.
The remainder of the paper is organized as follows. Sec-

tion 2 describes the system model. Section 3 presents the
outage probabilities of the proposed strategy. Section 4
gives numerical results and discussions. Section 5 con-
cludes the paper.

2 System model
In this framework, the communication is considered to
be cluster-crossed. Sources are either base station, head

nodes, or gateway nodes of other clusters. Relays are
head nodes and gateway nodes in the same cluster of the
destination [19, 20], shown as Fig. 1.
In this paper, the strategies are analyzed in the sys-

tem with the identical power consumption for fair-
ness. We consider the narrowband transmissions in
the wireless network in which the channels between
any two nodes are subject to the effects of slow-flat
Nakagami-m fading with Nakagami factor mi and
additive white Gaussian noise (AWGN). Nodes in the
network work in a half-duplex mode where they can-
not transmit and receive simultaneously in the same

Fig. 1 Cluster-crossed relaying scenario. In this framework, the
communication is considered to be cluster-crossed. Sources are
either base station, head nodes, or gateway nodes of other clusters.
Relays are head nodes and gateway nodes in the same cluster of
the destination, shown as Fig. 1

Fig. 2 Simplified system model considering one source, m relays,
and one destination. The figure shows the system model. In this
work, the transmission process is divided into two phases, phase
I and phase II. In phase I, an information source broadcasts the
message and multiple relays and the destination receive the
message. In phase II, according to the proposed relaying strategy, the
multiple relays transmit the received message to the destination. After
receiving several copies of the information sequences, the destination
jointly decode the messages
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time slot. We assume that CSI is only known at the
receivers and all the transmitters are assigned with an
averaging time slot. After the destination receives
several copies of the information sequences, it imple-
ments a novel spatial reception scheme, block com-
bining, to jointly decode the message.
Similar to [5–8, 16], we consider a cooperative wireless

network that consists of one source node S, one destin-
ation node D, and M relay nodes. The simplified system
model is shown as Fig. 2. The squared envelope of the
channel gains associated with source-destination,
source-relay, and relay-destination links are denoted by
γsd, γsri , and γrid, respectively. These squared envelope of
the channel gains are independent exponentially
distributed random variables (RVs) with mean values γsd,
γsri , and γrid . The amplitudes of the channel gains of
source-destination links, source-relay links, and
relay-destination links follow independent Nakagami-m distri-
bution. The cooperative strategy is described as two phases.
In phase I, the source transmits information signal to the des-
tination in the first time slot, and the signal is also received by
the relays as well. In phase II, the relays help transmitting the
received message inM equal time slots respectively.
More specifically, we assume b bit information every

time transmitted from the source are divided into N
information blocks, and each block contains L bit infor-
mation. The information is modulated by BPSK.
In phase I, the source broadcasts its information signal x

to the destination and all the relays. The received signals ysd
and ysri at the destination and the relays can be written as:

ysd ¼
ffiffiffiffiffiffiffi
Psd

p
hsdxþ nsd ð1Þ

ysri ¼
ffiffiffiffiffiffiffi
Psri

p
hsrixþ nsri ð2Þ

where Psd ¼ Psri ¼ P
Mþ1, which is the transmission power in

phase I. In (1) and (2), nsd and nsri are the corresponding re-
ceived AWGN at the destination and the relays with mean
zero and variance N0. hsd and hsri are the channel coefficients
from the source to the destination and the i-th relay, respect-
ively. The fraction 1

Mþ1 is the fact that the power P of each
transmission is averaged by one source and M relays. The
bandwidth of the whole cooperation system is normalized.
In the whole process, each node needs some certain amount
of time slots, which is 1

Mþ1. The received SNR, SNRsri and
SNRsd at the relay and the destination, can be expressed as:

SNRsri ¼
P

M þ 1
N0

hsrij j2 ¼ ργsri ð3Þ

SNRsd ¼
P

M þ 1
N0

hsdj j2 ¼ ργsd ð4Þ

and ρ ¼ P
Mþ1 =N0 , which is the transmission SNR of the

source node.
In phase II, the relays transmit the message to the

destination with the signal x̂i , and the transmission
power of the relay is Pri . The received signal yrid at
the destination can be written as

yrid ¼
ffiffiffiffiffiffi
Pri

p
hridx̂i þ nrid ð5Þ

where nrid is the corresponding received noise at destin-
ation, and hrid is the channel coefficients from the relays
to the destination.

3 Outage probability
In this section, we evaluate the end-to-end outage prob-
abilities of the proposed strategy based on multiple
relays.

3.1 Proposed strategy
In the proposed partial transmission strategy cooperative,
the relays are capable of getting the soft information of
each bit with SISO decoder. After block process and some
calculation, the relays transmit the selected information
blocks which have lower error probability to the destin-
ation. The relaying process is shown in Fig. 3.
In phase I, SNRsri is the Nakagami-m distributed RVs.

The PDF of SNRsri can be written as:

f SNRsri
xð Þ ¼ 2mi∙ λxð Þmi

Γ mið Þ � x2mi−1 � exp −λx �mix
2

� � ð6Þ

where Γ(∙) is gamma function and mi is the Nakagami
parameter.

λx ¼ 1
ργsri

ð7Þ

The information is modulated by BPSK, and we assume
that symbols 0 and 1 are modulated into 1 and − 1, re-
spectively. The conditional BER of BPSK is given by:

BERsri ¼
1
2

erfc
ffiffiffiffiffiffiffiffiffiffiffiffiffi
SNRsri

p� �
ð8Þ

3.1.1 Block error probability
We implement the SISO decoder and the average bit error
probability scheme to get the reliability information. For a
L bit information sequence, the SISO decoder outputs the
reliability information of the inputs, usually in the form of
the log-likelihood ratio (LLR) [21].

L uið Þ ¼ ln
P ui ¼ þ1jxð Þ
P ui ¼ −1jxð Þ ð9Þ

where ui is hard-output of the i-th bit. The relay can get
the bit error probability as:
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Pbit ¼ 1
1þ e L uið Þj j ð10Þ

For simplicity, the information sequence is divided
into N blocks, and the length of each block is L bits.
There are two different schemes to calculate the error prob-

ability of block. One is that the block is considered erroneous
as long as 1 bit information is wrong. We have the error

probability of block as ½1−QL
i¼1ð1−PbitÞ� , where the major

drawback is that the block is discarded even the decoding is
correct with 1 bit error probability being too high. The other
one is that the error probability of block is calculated as aver-
age bit error probability, in which Pb can be expressed as [22].

Pb ¼ 1
L

XL

i¼1

1
1þ e L uið Þj j ð11Þ

In this paper, we adopt the second scheme to calculate
the error probability of block.

Fig. 3 Partial transmission at relay. The figure shows the detailed partial transmission at relay. After the relay received signal, it uses the SISO
decoder to calculate the soft information of each bit, then the block error probability in the third step. The relay can also get the optimal block
size with the information bits, the received SNR, and the average channel gain in the second step. Using the calculation results, several blocks
with lower error probability are selected, then encoded with their location information, where the location information is encoded in the
imaginary part of the signal

Fig. 4 Block combining at destination. The figure shows the detailed combining method at destination. The destination received several copies
of signal in the different time slots. After decoding the signal, the imaginary parts of the signal are used to locate the information block and the
real parts are synchronized. The information sequence blocks are combined as one information sequence according to their location,
then decoded in the final step
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3.1.2 Block processing
A sequence with b bit information is divided into N equal
blocks. After the relay gets the error probability of block,
the relay regards several blocks who have the lowest error
probability as the correct blocks [18], and the number of
those blocks is N ri , which is the optimal transmitted block
number of the i-th relay. N ri can be approximated by the
BER at the relay, which can be formulated as:

N ri ¼
b � 1−BERsrið Þ

L

� �
¼ N � 1−BERsrið Þb c ð12Þ

where the function ⌊φ⌋ returns the largest integer no greater
than φ, BERsri is the received BER at the i-th relay.
In order to maintain the equal length of the (M + 1)

copies, the incorrect blocks at each relay are replaced by
equilong blanks.
If relays discard any useful information, they have

to tell the destination which bits are discarded. Thus,
the relays must add extra location information. The
additional information is done in the complex field
[6].The number of additional location information for
each information block is ⌈log2(N)⌉ bits; thus, the
number of location information bits, which is re-
quired by the relay to send N ri information blocks, is
d log2ðNÞe � bN � ð1−BERsriÞc:
The size of each block should be as small as possible;

thus, the relay is able to reserve more useful bits. The
smallest block scheme among them is 1 bit per block. If
the relay discards any bit, it has to tell the destination
the location information, which consists ⌈log2(N)⌉ bits
for a N block information sequence. However, in order
to reduce the additional information, we may need the
bigger blocks.
Therefore, there is a tradeoff between the wrong bits

accuracy and the additional information, where the
former one requires smaller block size while the latter
one needs bigger block size. In this paper, we intend to
achieve the lowest end-to-end outage probability, so the
block size is set as small as possible with the constraint
of the finite power consumption.
In this work, it is assumed that the power assump-

tion to send every bit is identical, and the above
problem can be described as follows. The allotted
power of the i-th relay is Pri , which can be divided
into two parts in PT, Prxi and Pdwi . Prxi is the power
required to send the information blocks, and it is al-
lotted in direct proportion to N ri . Pdwi is the power
required to send the location information bits. The
Prxi and Pdwi can be derived as:

Prxi ¼
P

1þM
� 1
N

� N � 1−BERsrið Þb c ð13Þ

Pdwi ¼
P

1þM
� 1
b
� log2 Nð Þ	 
 � N � 1−BERsrið Þb c

ð14Þ
Obviously, we get the constraint Prxi + Pdwi <

P
1þM , and

after transformation, it can be simplified as
bN ∙ð1−BERsri Þc

N

þ d log2ðNÞe�bN �ð1−BERsri Þc
b < 1. Hence, for the i-th relay, the

optimal block size can be calculated as:

arg max
N

f b;N ; γ; ρð Þ ð15aÞ

s � t � f b;N ; γ; ρð Þ≤1 ð15bÞ

where f ðb;N ; γ; ρÞ ¼ bN �ð1−BERsri Þc
N þ d log2ðNÞe�bN �ð1−BERsri Þc

b .
The optimization is to find the maximal number of

the blocks, or the minimal block size, to meet the con-
straint of the transmission power at the relay. The con-
straint is in practice that each relay discards some of the
received bit sequence, and the location information
should be set as no bigger than that, because the power
consumption of each relay is pre-allocated.
However, f(b,N, γ, ρ) is a non-convex function, which

is hard to obtain the derived function. Therefore, we
optimize the number of blocks of each relay by one di-
mensional iteration method in Algorithm 1.
The proposed algorithm divides the optimization into

two local problems. Therefore, there exist two loops to
optimize the function in Algorithm 1. The first loop em-
ploys the doubling step length search algorithm to find
the upper boundary. The set of max iterations of seeking
boundary avoids the situation where the function f(b,
N, γ, ρ) never meets the restricted condition. The doub-
ling step length search algorithm is easily achieved, the
time complexity of which is O(logN). The second loop
exploits bisearch algorithm to optimize the number of
blocks, and the time complexity of bisearch algorithm is
O(logN). Then, the time complexity of entire optimization
is also O(logN). During the whole optimization, the relays
have to storage information bits, average S-R channel gain,
transmit power of source node, cutoff accuracy, max itera-
tions of seeking boundary, blocks number and function
output. They are iterated as Algorithm 1 runs. Therefore,
the space complexity is constant, i.e., O (1).
In phase II, the relays forward the message to the destin-

ation, and the received signal yrid at the destination is
given by (5). The destination node decodes the received
several copies with the block combining, as shown in
Fig. 4, where the destination combines the copies block by
block by exploiting the location information. The location
information processing outputs 1 for useful blocks and 0
for blanks, which intends to get rid of unwanted noise and
helps the synchronization. Consequently, the erroneous
blocks at relay have no contribution to the final decision.
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3.1.3 End-to-end outage probability
In phase II, after block combining, the received SNR at
the destination from the i-th relay, SNRrid , can be
expressed as:

SNRrid ¼
Prxi

N0
γrid ¼

ρ
N

� N � 1−BERið Þb cγrid ð16Þ

The received signal at the destination yrid in (5) can be
transformed as:

yrid ¼
ffiffiffiffiffiffiffi
Prxi

p
hridx̂þ nrid ð17Þ

During the whole cooperative process, the destination
has received (M + 1) copies of the message, so the accu-
mulated mutual information at destination by block
combining can be expressed as:

IPT ¼ 1
1þm

log2 1þ SNRsd þ
XM

i¼1
SNRrid

� �
ð18Þ

The fraction 1
Mþ1 is the fact that each transmitter only

use 1
Mþ1 of the total time slots.

It is assumed that the transmission rate of the infor-
mation is Rt, and according to the information theory,
the end-to-end outage probability PoutPT can be
expressed as:

PoutPT ¼ P IPT < Rtð Þ

¼ Prob
1

1þM
log2 1þ SNRsd þ

XM

i¼1
SNRrid

� �
< Rt

� �

¼ Prob SNRsd þ
XM

i¼1
SNRrid < 2 1þMð ÞRt−1

� �
ð19aÞ

Prob IPT < Rtð Þ ≈ 2 1þMð ÞRt−1
� � PM

i¼1
miþmsd

 �
Γ 1þPM

i¼1mi þmsd

� � � msd

ργ

� �msd YM
i¼1

� miN
ρ N � 1−BERsrið Þb cγrid

 !mi

ð19bÞ
where msd is the Nakagami parameter of the direct link.
If without the direct link, (19b) turns into

Prob IPT < Rtð Þ ≈ 2M�Rt−1
� �PM

i¼1
mi

Γ 1þPM
i¼1mi

� �YM
i¼1

miN
ρ N � 1−BERsrið Þb cγrid

 !mi

ð20Þ
Proofs of (19b) and (20) are provided in Appendix.

4 Outage probability analyses and discussions
In this section, we analyze and compare four strategies,
PT, SDF, AF, and direct transmission (DT), on the situ-
ation with one-relaying system and two-relaying system,
i.e., M = 1 and M = 2 in the above analyses. For these
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four strategies, we do simulation works of the infor-
mation outage probability with and without direct
link respectively. We assume the number of informa-
tion bits b = 100,000 and the transmission rate of in-
formation Rt = 0.5 (b/s/Hz).
Figures 5 and 6 show the end-to-end outage prob-

ability versus the transmission SNR ρ at the source
and information transmission rate Rt with direct link,
respectively. For simplicity, the channel states of two
relays are set as the same, which are expressed by
channel gain variance as follows: γsr1 ¼ γsr2 ¼ 0:1 , γsd
¼ 0:1, and γrd1 ¼ γrd2 ¼ 0:1 . The Nakagami parameters
are set as: msd =mi = 1. The above condition responds to
the scenarios in all poor channels, where the relays are
considered to be unreliable. We analyze the relationship
between the outage probability and channel state of
relay-to-destination links in Figs. 7 and 8, in the situation
with and without direct link respectively. We then discuss
the relaying performances without direct link in Fig. 9, to
compare them comprehensively.
In Figs. 5 and 6, the channel states from S to R, R

to D, and S to D are the same. Figure 5 shows that
the outage probability of PT performs almost the

same to that of SDF when M = 1.However, with the
R-D channel gets better, PT gets better than SDF,
which can be seen in Fig. 7. In the poor channels,
the relay can hardly help the decoding at destination.
After ρ = 24dB, PT gets the lower outage probability
compared with SDF. Because as SNR increases, the
relay can transmit more information block in PT,
while SDF still has high probability failing to decode
at the relay. When M = 2, PT gets better performance
over the conventional strategies, two relays can get
double spatial diversity than that of the situation with
M = 1. As SNR increases, the improvement of PT gets
bigger. It is also noted that at low SNR, more relays
cost more power and bandwidth, but they are unable
to help the destination in such a low channel gain of
S-R links.
In Fig. 6, the transmission SNR ρ = 20 dB. It can be

seen that the outage probability gets higher as the infor-
mation transmission rate increases. For the case of M =
2 at low Rt, the PT performs worse than SDF and AF.
Because the relays at low rate have high probability to
decode the message or help the decoding at destin-
ation, so they are reliable relays, while the relays in PT

Fig. 5 Outage probability versus signal-to-noise ratio. The figure shows that the simulations on outage probability versus SNR of partial
transmission (PT) and three conventional cooperative strategies, direction transmission (DT), selective decode-and-forward (SDF), and amplify-and-
decode (AF) with the existence of direct link, on the situations with one-relaying system and two-relaying system. To simulate the unreliable
relays, the simulation parameters are set as: the number of information bits is 100,000; the transmission rate of information is 0.5b/s/Hz; all the
channel states from source to relays, relays to destination and source to destination are set the same, as 0.1. It can be seen in Fig. 5 that PT
performs slightly worse than that of SDF before ρ = 24 dB when M = 1, because in the poor channels, the relay can hardly help the decoding at
destination. After, PT gets the lower outage probability compared with SDF. Because as SNR increases, the relay can transmit more information
block in PT, while SDF still has high probability failing to decode at the relay. When M = 2, PT gets better performance over the conventional
strategies, because two relays can get double spatial diversity than that of the situation with M = 1. As SNR increases, the improvement of PT gets
bigger. It is also noted that at low SNR, more relays cost more power and bandwidth, but they are unable to help the destination in such a low
channel gain of S-R links
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cannot transmit all the information sequence. As Rt gets
higher, the relays become unreliable, where the partial
transmission shows the great advantage. However, if Rt

rises to some certain threshold, all the relays are useless,
so that the two-relaying system performs worse than the
one-relaying system and even worse than the direct
transmission. However, PT can postpone this threshold.
Figures 7 and 8 show the outage probability versus the

channel gain between the relay and the destination in
one-relaying system and two-relaying system, respectively.
Figure 7 shows that PT gets the better performance

than the conventional strategies, as the R-D channel
gain gets better than 0.1 with direct link and 0.128
without direct link. It is also shown that SDF and AF
are not able to obtain the spatial diversity gain from
the R-D channel, because they are limited by the poor
channel ahead of the relay. For SDF, the state of the
S-D channel determines the decoding ability of the
relay. For PT, although R node fails to decode all the
information correctly, the benefit of R-D channel still
obtains diversity gain for the destination.
In Fig. 8, in order to facilitate the analysis, we assume that

the two R-D channels follow the same distribution. PT gets
better than SDF after about γrd ¼ 0:05 and γrd ¼ 0:35, in

the situations with and without direct link respectively. As
the channel gain between relays and destination increases,
the gain value that PT gets better than SDF is nearly half of
it in one-relaying system, where the certain amount of loca-
tion information of PT degrades some performance with
and without direct link. Generally speaking, when the R-D
channel is better than the severely attenuated S-D channel,
i.e., the relays are considered to be unreliable, the perform-
ance of PT is better than that of the conventional strategies.
Figure 9 shows the outage probability performances in

the situation without direct link. Based on the discussion
above, we set γrd ¼ 0:2 in Fig. 9, and other parameters
remain the same. Certainly, the existence of the direct
link helps to gain more spatial diversity gain, which can
be seen when compared to Fig. 5. At low SNR, Fig. 9
shows none of the mentioned strategies is reliable. As
SNR increases, the improvements of PT are more obvi-
ous without direct link.

5 Methods
5.1 Research object
This work aims to solve the problem of unreliable
relays. We designed the block processing at relaying

Fig. 6 Outage probability versus the information transmission rate. The figure shows that the simulations on outage probability versus
transmission rate of partial transmission (PT) and three conventional cooperative strategies, direction transmission (DT), selective decode-
and-forward (SDF), and amplify-and-decode (AF), on the situations with one-relaying system and two-relaying system. To simulate the
unreliable relays, the simulation parameters are set as follows: the number of information bits is 100,000; the transmit SNR of source is
20 dB; and all the channel states from source to relays, relays to destination, and source to destination are set the same, as 0.1. It can be
seen in Fig. 6 that the outage probability gets higher as the information transmission rate increases. For the case of two-relaying system
at low transmission rate, the PT performs worse than SDF and AF. Because the relays at low rate have high probability to decode the
message or help the decoding at destination, they are reliable relays, while the relays in PT cannot transmit all the information sequence.
As transmission rate gets higher, the relays become unreliable, where the partial transmission shows the great advantage. However, if
transmission rate rises to some certain threshold, all the relays are useless, so that the two-relaying system performs worse than the one-
relaying system and even worse than the direct transmission. However, PT can postpone this threshold
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and block combining at destination, which are im-
plemented in the partial transmission (PT) coopera-
tive strategy. We analyzed the performance of PT,
mainly the approximate outage probability of the en-
tire system.

5.2 Block processing implementation
In the block processing, we designed a bisearch method
to optimize the block size, which aims to obtain the op-
timal system performance under the power limitation of
each relay. The relay calculates the error probability of
each block based on soft information. After block selec-
tion based on the channel state, the relay forwards a
fraction of received message, where the partial transmis-
sion at relay is achieved.

5.3 Block combining implementation
The destination received several copies of signal in the
different time slots. After decoding the signal, the im-
aginary parts of the signal are used to locate the infor-
mation block and the real parts are synchronized. The
information sequence blocks are combined as one infor-
mation sequence according to their location, then
decoded in the final step.

5.4 Outage probability calculation
The outage probability analysis shows the performance
of cooperative strategies. Assuming every bit consumes
the equal power, the calculation depends on SNR of the
transmitted block numbers. We used the Laplace trans-
form to approximate the multiple integral of outage
probability, which is demonstrated in Appendix.

5.5 Simulation setting
The simulation is set up to compare outage probabilities
of partial transmission (PT) and three conventional co-
operative strategies, direction transmission (DT), select-
ive decode-and-forward (SDF), and amplify-and-forward
(AF), in the situations with one-relaying system and
two-relaying system. With the normalized system power,
the simulation shows the comparison of system perfor-
mances with unreliable relays.

6 Conclusions
In this paper, we analyzed the partial transmission co-
operative strategy that allows the relays to divide the
information into small blocks and only forward the
correct blocks. We designed the block processing at
relay and block combining at destination to solve the
problem of unreliable relays. Relaying processing and
block processing compose the system of PT, which is

Fig. 7 Outage probability versus channel gain between relay and destination with one relay. Shows that the simulations on outage probability
versus channel gain between relay and destination (R-D) of partial transmission (PT) and three conventional cooperative strategies, direction
transmission (DT), selective decode-and-forward (SDF), and amplify-and-decode (AF), on the situations with one-relaying system. To simulate the
unreliable relays, the simulation parameters are set as: the number of information bits is 100,000; the transmit SNR of source is 20 dB; other
channel states from relays to destination (R-D) and source to destination (S-D) are set the same, as 0.1. The figure shows that PT gets the better
performance than the conventional strategies as the R-D channel gain gets better than 0.1. It is also shown that SDF and AF are not able to
obtain the spatial diversity gain from the R-D channel, because they are limited by the poor channel ahead of the relay. For SDF, the state of the
S-D channel determines the decoding ability of the relay. For PT, although R node fails to decode all the information correctly, the benefit of R-D
channel still obtains diversity gain for the destination
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Fig. 8 Outage probability versus channel gain between relay and destination with two relays. The figure shows that the simulations on outage
probability versus channel gain between relay and destination (R-D) of partial transmission (PT) and three conventional cooperative strategies,
direction transmission (DT), selective decode-and-forward (SDF), and amplify-and-decode (AF), on the situations with two-relaying system. To
simulate the unreliable relays, the simulation parameters are set as follows: the number of information bits is 100,000; the transmit SNR of source
is 20 dB; other channel states from relays to destination (R-D) and source to destination (S-D) are set the same, as 0.1. In Fig. 8, in order to
facilitate the analysis, we assume that the two R-D channels follow the same distribution. As the channel gain between relays and destination
increases, the gain value that PT gets better than SDF is nearly half of it in one-relaying system, where the certain amount of location information
of PT degrades some performance. Generally speaking, when the R-D channel is better than the severely attenuated S-D channel, i.e., the relays
are considered to be unreliable, the performance of PT is better than that of the conventional strategies

Fig. 9 Outage probability versus channel gain between relay and destination without direct link. The figure shows that the simulations on outage
probability versus SNR of partial transmission (PT) and three conventional cooperative strategies, direction transmission (DT), selective decode-and-
forward (SDF), and amplify-and-decode (AF) without the existence of direct link, on the situations with one-relaying system and two-relaying system.
To simulate the unreliable relays, the simulation parameters are set as: the number of information bits is 100,000; the transmission rate of information is
0.5b/s/Hz; the channel states from relays to destination is set as 0.2, and those from source to relays and source to destination are set the same, as 0.1.
At low SNR, Fig. 9 shows none of the mentioned strategies are reliable. As SNR increases, the improvements of PT are more obvious without direct
link. Certainly, the existence of the direct link helps to gain more spatial diversity gain, which can be seen when compared to Fig. 5
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in fact a distributed system allowing the relays to
make decisions for destination. We derived the ap-
proximate expression of the end-to-end outage prob-
ability as a function of SNR, the information
transmission rate, S-R channel gain, and the number of re-
lays. Simulations are made in one-relaying system and
two-relaying system, which are also carried out in continu-
ous change of the S-R channel. We found that the perform-
ance of PT gets overwhelming in unreliable-relaying
system. Sequentially, we noted that PT can better benefit
from the R-D channel, and the higher the information
transmission rate is, the better performance PT can get. Ex-
tensive numerical and simulation studies illustrate our the-
oretical developments and show that the proposed strategy
provides a significant improvement over the conventional
cooperative strategies on unreliable relays.

7 Appendix
In this Appendix, we prove (19) and (20). When x is a
Nakagami RV with Nakagami parameter mi and Eðx2Þ
¼ ργ, then the PDF of x is:

f SNR xð Þ ¼ 2mi

ργð Þmi � Γ mið Þ � x
2mi−1 � exp −

mix2

ργ

� �
x≥0

ð31Þ
Assuming:

Z ¼ SNRsd þ
XM

i¼1
SNRrid ð32Þ

(19a) can be expressed as:

Prob IPT < Rtð Þ ¼ Prob
1

1þM
log2 1þ SNRsd þ

XM

i¼1
SNRrid

� �
< Rt

� �

¼ Prob SNRsd þ
XM

i¼1
SNRrid < 2 Mþ1ð ÞRt−1

� �
¼ Prob Z < αð Þ

ð33Þ
where α ¼ 2ðMþ1ÞRt−1 . The Laplace transform of the
PDF of fSNR(x) is:

Lx2 sð Þ ¼ mi

mi þ ργ � s
� �mi

ð34Þ

The Laplace transform of the PDF of Z in (32) is

LZ sð Þ ¼
YM

i¼1

mi

mi þ ργ � s
� �mi

ð35Þ

For large ρ, we can approximate (34) as

Lx2 sð Þ ≈ mi

ργ

� �mi

∙
1
smi

ð36Þ

Then an approximation of (35) is

LZ sð Þ ≈ 1

s
PM

i¼1
mi

 � �YM

i¼1

mi

ργ

� �mi

ð37Þ

The inverse Laplace transform of LZðsÞ gives us an ap-
proximation to the PDF of Z as:

f Z zð Þ ≈ z
PM

i¼1
mi−1

 �
Γ
PM

i¼1mi

� ��YM

i¼1

mi

ργ

� �mi

ð38Þ

Therefore, the probability that Z is less than α is

Prob Z < αð Þ ≈ α
PM

i¼1
mi−1

 �
Γ
PM

i¼1mi

� �YM

i¼1

mi

ργ

� �mi

ð39Þ

Using (33) and (39), after RV equivalence replacement,
we obtain:

Prob IPT < Rtð Þ ≈ 2 1þMð ÞRt−1
� � PM

i¼1
miþmsd

 �
Γ 1þPM

i¼1mi þmsd

� � ∙
msd

ργ

� �msdYM

i¼1

� miN
ρ N � 1−BERsrið Þb cγrid

 !mi

ð40Þ

where msd is the Nakagami parameter of the direct link.
If without the direct link, (40) turns into:

Prob IPT < Rtð Þ ≈ 2M�Rt−1
� �PM

i¼1
mi

Γ 1þPM
i¼1mi

� �YM

i¼1

� miN
ρ N � 1−BERsrið Þb cγrid

 !mi

ð41Þ
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