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Abstract—Green radios have drawn much attention in recent
years. This paper derives the energy per good-bit expressions
for semi-blind relay networks with and without maximum ra-
tio combining under Rayleigh fading channels considering the
energy consumed per bit as well as the link reliability and
retransmission probabilities. The optimal constellation size is
investigated constrained by a given bit error rate. The energy
consumed in the transmission, reception and idle modes are
all involved. Numerical simulations demonstrate the energy
efficiency performance of semi-blind relay networks in several
cases with the direct transmission as the benchmark. Finally some
practical implications can be made from these observations. The
analysis and results will be a good reference for the real green
cellular communication design.

I. I NTRODUCTION

The next generation wireless communication promises high-
er data rates and diverse radio interfaces to provide all users
with a continuous seamless connection. However, the battery
capacity for the state-of-the-art handsets lags behind thesurge
in power requirements for these multimedia-rich and multi-
standard services [1]. Meanwhile, greenhouse gas emissions
leave a significant environmental footprint. Thus green com-
munications have drawn much attentions in recent years. It
will not only be beneficial for the global environment but also
make commercial sense to gain sustainable profits [2]-[4].

New type network topologies envisage a prospective path to
achieve green radios. The coexistence of femtocells and pico-
cells with macro-cells can provide high speed access service
for indoor user equipments (UEs) and enhance the throughput
in hot spot areas [5]-[6]. Compared with power hungry macro
base stations (BSs), the smaller more agile BSs can output
very low power but achieve improved capacity through large
scale deployments. Relay nodes (RNs) are connected with the
core network by wireless backhaul links. It is easily deployed
with low costs. Therefore, relay technique is viewed as an
enabling technique to reduce the overall energy consumption.

As is known, the data transmission can be completed
in a shorter period by using larger constellation sizes. But
more power is radiated for transmission. On the contrary,
smaller constellation sizes can reduce the radiation power. But
more power is required for circuit and processing due to the
increasing transmit time. Therefore, the specific modulation
scheme will have an impact on the energy efficiency of relay
networks. But limited works in the literature have covered this
issue. The outage probability and symbol error rate in relay

networks under various channel models have been extensively
studied [7]-[9]. But no work has analyzed the energy efficiency
in relay networks. The optimal constellation size for energy
efficient relay transmission has yet to be exploited.

Motivated by these considerations, this paper analyzes the
energy efficiency performance of a three-node relay network
employing semi-blind relays under Rayleigh fading channels.
Semi-blind relays does not require a continuous estimationof
the channel state information (CSI) but only the statistical one
about the backhaul link [8]. The energy per good-bit is used as
the energy efficiency metric considering not only the energy
consumed per bit but the link reliability and retransmission
probabilities as well. The energy per good-bit expressionsin
semi-blind relay networks with and without maximum ratio
combining (MRC) under Rayleigh fading channels are derived.
Finally, numerical simulations reveal some interesting results
with practical implications.

The rest of the paper is organized as follows. Section II
describes the system model. Power consumption model is
formulated in Section III. Section IV derives the energy per
good-bit expressions for semi-blind relay networks with and
without MRC under Rayleigh fading channels. Section V
carries out computer simulations and analyze their practical
indications. Section VI concludes the paper finally.

II. SYSTEM MODEL

We consider a relay-enhanced single cell system consisting
of one BS/UE pair with one semi-blind RN. The cooperative
transmission includes two phases. In the first phase, BS
broadcasts an information packet with transmit powerPt. UE
will first attempt to decode the signal to see if it can be
received correctly. Otherwise, the second phase is initiated.
RN amplifies what it received from the signal by the fixed
gain and forwards it to UE with transmit powerPt. At the
end of the second phase, if UE still fails to receive the signal
correctly, BS will retransmit the signal until UE can receive
it successfully. There exists a mechanism at the receiver that
can identify when an error occurs. Then the feedback link
will inform the transmitter to retransmit the particular signal
if the error is detected. This is the Automatic Repeat-reQuest
scheme with no retry limits. The number of retransmission is
a geometric random variable and has a mean of1

psuc
[10]. psuc

represents the system success probability.



The channel is distributed as the zero-mean independent
identically distributed complex Gaussian random variablewith
a combination of path loss and Rayleigh fading denoted as
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wherei = 0, 1, 2 represents the channel from BS to UE, from
BS to RN and from RN to UE respectively.αi is the Rayleigh
fading coefficient.di denotes the distance between two nodes.
β denotes the path loss exponent. The channel remains con-
stant during one information packet but is independent from
one packet to another.

Then the signal-to-noise ratio (SNR) in each link obeys the
exponential distribution with the mean̄γi =

Ptσ
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i is the average fading power.N0 is power spectral density

of the noise.B is the system bandwidth. The instantaneous
SNR in each link is represented asγi = αiPt
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. Thus the

instantaneous end-to-end equivalent SNR at UE can be written
as
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, (2)
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∫ +∞
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t dt is the first-order exponential integral function.

III. POWER CONSUMPTION MODEL

The power consumption of BS and RN is composed of
three modes: transmission, reception and idle. The power
consumed in each mode is denoted asPt

η + Pct, Pcr and

Pidle accordingly, wherePt is the transmit power.η = ξ
ψ − 1

denotes the power amplifier (PA) efficiency.ψ is the drain
efficiency of PA.ξ = 3

√
M−1√
M+1

is the peak-to-average power
ratio assuming the uncoded Multiple Quadrature Amplitude
Modulation (MQAM) is adopted [11].

The circuit power mainly generates from the radio frequency
circuits. They include the frequency synthesizer, low-noise-
amplifier and some filters [12]-[13]. For simplicity, these
modules are classified into Transmit ElectronicPct and Re-
ceive ElectronicPcr [14]. After the transmission, BS or RN
switches to the idle mode. When BS or RN is switched
off, the power consumption should be lower than that in
transmission or reception. That isPidle ≤ Pct andPidle ≤ Pcr.
Superscripts(·)BS and (·)

RN will be used to represent the
power consumption at BS and RN, respectively. As relay is a
low cost site, its power consumption in each mode is smaller
than that of BS.

IV. ENERGY EFFICIENCY ANALYSIS

The L-bit information packet is transmitted to UE within
a hard deadlineT . If the uncoded MQAM is adopted as the
modulation scheme, the minimum required transmission time
is

Ton =
L

bB
, (3)

where b = log2M is the constellation size for a specific
MQAM scheme. The duration of the idle mode is

Tidle = T − Ton (4)

The outage probability is defined as the probability that the
received SNR at UE drops below a protection ratioγth. It
depends on the given bit error rate (BER) with the transmit
power specified. For the uncoded square MQAM, the SNR
γb to satisfy the required BER in the additive white Gaussian
noise channel is [11]

pb =

1−

(
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2(

√
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√
M

Q
(
√

3bγb
M−1

)

)2

b
(5)

The SNR thresholdγth is therefore derived as

γth =
Eb

N0Tb
= γbBlog2M, (6)

where Eb is the signal energy per bit.Tb is the bit time
assuming the symbol timeTs = 1

B .

A. Direct Transmission

The system success probability of the direct transmission
can be calculated as

psuc,direct = p (γ0 ≥ γth) = e
−

N0Bd
β

0
γth

Ptσ
2

0 . (7)

Therefore considering the link reliability and retransmission
probabilities, the energy per good-bit for the direct transmis-
sion is derived as

E0 =

(

PBS
t

η + PBSct

)

Ton + PBSidleTidle

L · psuc,direct
. (8)

B. Semi-blind relay with non-MRC

For the semi-blind relay without MRC, if the outage event
occur in the BS-UE link, UE only utilizes the signal received
from RN for decoding. Then the probability thatγeq falls
below γth is calculated by [8]

p (γeq ≤ γth) = 1− 2

√

Cγth

γ̄1γ̄2
e−γth/γ̄1K1

(

2

√

Cγth

γ̄1γ̄2

)

, (9)

whereK1 (·) is the first order modified Bessel function of the
second kind. The system success probability of the cooperative
transmission without MRC is derived as

psuc nonMRC = 1− p (γ0 ≤ γth) p (γeq ≤ γth) . (10)

Then the average transmit power for the cooperative trans-
mission without MRC is

Pw/oMRC =
(

PBS
t

η + PBSct + PRNcr

)

p (γ0 ≥ γth)
(

PBS
t

η + PBSct + PRNcr +
PRN

t

η + PRNct

)

p (γ0 ≤ γth)
(11)

where the first term corresponds to the power consumption
when the destination correctly decodes the signal from the
source. The second term corresponds to the power consump-
tion when the BS-UE link is in outage and the relay helps



to forward the signal. Then the energy per good-bit for the
cooperative transmission without MRC can be derived as

E1 =
Pw/oMRCTon +

(

PBSidle + PRNidle

)

Tidle

L · psuc nonMRC
. (12)

In order to measure the energy efficiency improvement by
introducing semi-blind relays in the network, the cooperative
gain is defined as

G1 =
E1

E0
. (13)

C. Semi-blind relay with MRC

For semi-blind relays with MRC, it is assumed that the
destination knows the CSI of each link. The destination
combines the signals from the relay and the source to output
the maximized equivalent SNRγ, i.e.,

γ = γeq + γ0. (14)

The average power consumption for semi-blind relay with
MRC is equal to Eq. (11). Then the system success probability
in this case is given by

psuc MRC = 1− p (γ0 ≤ γth) p (γeq + γ0 ≤ γth) . (15)

The probability thatγeq falls belowγ0 conditioned onγs,d
is derived as

p (γeq ≤ γth − γ0)

= 1− 2
√

C(γth−γ0)
γ̄1γ̄2
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2
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(16)
Then averaging (16) overγ0 we derive

p (γ0 + γeq ≤ γth)
=
∫ γth
0

p (γeq ≤ γth − γ0|γ0)f (γ0) dγ0,
(17)

wheref (γ0) =
N0Bd

β

0

Ptσ2

0

e
−
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β

0
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2
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γ0
. Then similar to the coop-

erative transmission without MRC, the the energy per good-bit
and the corresponding cooperative gain in this case is derived.

V. SIMULATION RESULTS

In this section, the energy efficiency performance of semi-
blind relay networks is presented by simulations. The optimal
constellation size is investigated. The values of energy per
good-bit in the simulation results are expressed in decibel. The
large-scale relay pass-loss model is used to model the wireless
links including BS-UE link, BS-RN link and RN-UE link [15].
The pass-loss of each link is represented aslog10|h0|

2
=

128.1 + 37.6log10 (d0), log10|h1|
2
= 124.5 + 37.6log10 (d1)

and log10|h2|
2 = 140.7 + 36.7log10 (d2), respectively. The

simulation parameters are listed in Table 1 according to [16].
BS, RN and UE are located on a straight line. RN locates
in the middle between BS and UE. First we focus on the
energy efficiency performance of symmetric semi-blind relay
networks. That isσ2

i in each link is equal. Without loss of
generality, we assumeσ2

i = 1. All the results are averaged
over 800 channel realizations.

Figure 1 shows the variation of the energy
per good-bit with respect to the constellation size

TABLE I
SIMULATION PARAMETERS

Term Definition Value
β path loss exponent 3

N0 noise power spectral density −90dBm

B bandwidth 5MHz

T deadline 1s

ψ drain efficiency 0.35

L information packet length 20000bits

pb BER 0.1

PBS
t
, PRN

t
transmit power at BS and RN 60W,35W

PBS
ct
, PRN

ct
transmit circuit power at BS and RN 15.34W,5.87W

PBS
cr , P

RN
cr receive circuit power at BS and RN 22.85W,10.09W

PBS

idle
, PRN

idle
idle power at BS and RN 35.44W,1.77W
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Fig. 1. Energy per good-bit against constellation size at different BS-UE
distances

b ∈ {2, 4, 6, 8, 10} in semi-blind relay networks without
MRC under different distances between BS and UE, i.e.,
d0 ∈ {50m, 250m, 500m, 750m, 1000m}. As shown in the
figure, for the short BS-UE transmission distances e.g.,
d0 = 50m andd0 = 250m, the energy per good-bit becomes
lower as the constellation size increases. Thus the larger
constellation size is always favorable in this case becausethe
link reliability is always high at short BS-UE transmission
distance whatever the constellation size is.

For the long BS-UE transmission distances, the energy per
good-bit increases when the constellation size gets eitherlarge
or small. The optimal constellation size exists to minimizethe
energy per good-bit. The reason is that the larger constellation
size can transmit more bits in a single transmission and
reduce the transmit time. But the link reliability is less robust
against large and small scale fading. More retransmit energy is
required and vice versa. Moreover the location of the optimal
constellation size changes with the transmission distance.
Specifically, the optimal constellation size is comparatively
smaller with longer BS-UE distances.

Figure 2 compares the energy efficiency performance of
semi-blind relay networks with the equivalent network de-
ployed by CSI-assisted relays. It is recognized that CSI-
assisted relay is advantageous than semi-blind relay with
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Fig. 2. Energy efficiency comparison between semi-blind andCSI-assisted
relays

2 3 4 5 6 7 8 9 10
−40

−35

−30

−25

−20

−15

Constellation Size: b

E
ne

rg
y 

P
er

 G
oo

d−
bi

t (
dB

)

 

 

d
0
=50m, non−MRC

d
0
=50m, MRC

d
0
=250m, non−MRC

d
0
=250m, MRC

d
0
=500m, non−MRC

d
0
=500m, MRC

d
0
=750m, non−MRC

d
0
=750m, MRC

d
0
=1000m, non−MRC

d
0
=1000m, MRC

Fig. 3. Energy efficiency comparison of semi-blind relays with non-MRC
and MRC techniques

respect to the outage probability and BER. But when the link
reliability and energy efficiency are both considered, semi-
blind relay consumed less energy per good-bit especially for
large constellation size at long transmission distances.

Figure 3 compares the energy efficiency performance of
non-MRC and MRC techniques in semi-blind relay networks.
When the constellation size is small, their performance are
almost the same. Thus non-MRC technique is more favorable
due to its simplicity. When the constellation size becomes
larger at long distances, MRC technique can improve the link
reliability and is more energy efficient.

Figure 4 evaluates the energy efficiency performance of
semi-blind relay networks with the direct transmission as the
benchmark. When the transmission distance is short, the direct
transmission is more energy-efficient because the introduction
of RNs adds additional energy expenditure and counterbal-
ances the energy saving from the increased link reliability.
As the transmission distance increases, the superiority ofRN

becomes obvious. It shortens the transmission distance per
hop and enhances the robustness against fading. Thus both
the transmit and retransmit energies are saved.
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Fig. 5. Energy efficiency performance in the asymmetric semi-blind relay
network withσ2
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Besides the similar observations in the symmetric semi-
blind relay network, simulations in the asymmetric semi-blind
relay network reveal some other interesting results. Figure 5
corresponds toσ2

1 > σ2
2 . That is the fading of the backhaul

link is not as severe as that in the access link. Figure 6
corresponds toσ2

1 < σ2
2 . The energy consumed per good-bit

in the asymmetric semi-blind relay network is larger than
that in the symmetric semi-blind relay network. The channel
fading variation has an impact on the system energy efficiency
performance especially the backhaul link. When the channel
condition in the backhaul link degrades more severely than
the access link, the energy expenditure increases sharply.
The channel condition in the backhaul link has a significant
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influence on the system energy efficiency performance. Thus
the backhaul link design is a bottleneck for the performance
improvement of relay technique as a whole.

VI. CONCLUSION

In this paper the energy per good-bit expressions in the
semi-blind relay network with and without MRC technique
under Rayleigh fading channels constrained by the given BER
are derived. We do not only consider the energy consumed dur-
ing transmission, reception and idle period, but also consider
the link reliability and the possibility for retransmission.

Numerical simulations performed in symmetric and asym-
metric semi-blind relay networks reveal several interesting
results with practical implications. First, the optimal constel-
lation size exists for long transmission distances. But forthe
relatively short transmission distances, the larger constellation
size is always favorable. The semi-blind relay is more energy
efficient and more easily deployed than the CSI-assisted relay.
Thus it is a potential better choice for the future green
communication. Third, asymmetric relay networks consume
more energy especially the degradation of the backhaul link.
The backhaul link design will be a critical factor for the
performance improvement of the relay technique.

Through our analysis and simulations, the effects of the con-
stellation size, the transmission distance, the receiver diversity
and the channel fading variation on the energy efficiency of
semi-blind relay networks are presented. In order to get the
most energy efficient relay networks, the system parameters
should be carefully designed. While the analysis and conclu-
sion would change due to the different power consumption
model and parameters, the evaluation approach is promising
for the more general case. The work in this paper is a good
reference for the real cellular design.

ACKNOWLEDGMENT

The research is supported by National Natural Science
Foundation of China under Grant No. 61171105, National
Science and Technology Major Project of the Ministry of
Science and Technology under Grant No. 2012ZX03001030-
004, and the Program for New Century Excellent Talents in
University of Ministry of Education of China under Grant No.
NCET-11-0598.

REFERENCES

[1] K. Lahiri, A. Raghunathan, S. Dey, and D. Panigrahi, “Battery-driven
system design: a new frontier in low power design,”Design Automation
Conference, 2002. Proceedings of ASP-DAC 2002. 7th Asia andSouth
Pacific and the 15th International Conference on VLSI Design. Proceed-
ings, vol., no., pp. 261-267, 2002.

[2] G. Li, Z. Xu, C. Xiong, C. Yang, S. Zhang, Y. Chen and S. Xu, “Energy-
efficient wireless communications: tutorial, survey and open issues,”
Wireless Communications, IEEE,vol. 18, no. 6, pp. 28-35, Dec. 2011.

[3] Y. Chen, S. Zhang, S. Xu and G. Li, “Fundamental trade-offs on green
wireless networks,”Communications Magazine, IEEE,vol. 49, no. 6, pp.
30-37, June 2011.

[4] L. Correia, D. Zeller, O. Blume, D. Ferling, Y. Jading, I.Godor, G. Auer,
L. Perre, “Challenges and enabling technologies for energyaware mobile
radio networks,”Communications Magazine, IEEE,vol. 48, no. 11, pp.
66-72, Nov. 2011.

[5] V. Chandrasekhar, J. Andrews and A. Gatherer, “Femtocell networks: a
survey,”Communications Magazine, IEEE,vol. 46, pp. 59-67, Sept. 2008.

[6] H. Claussen, L. T. W. Ho and F. Pivit, “Effects of joint macrocell
and residential picocell deployment on the network energy efficiency,”
Personal, Indoor and Mobile Radio Communications, 2008. PIMRC 2008.
IEEE 19th International Symposium on,vol., no., pp. 1-6, 15-18, Sept.
2008.

[7] M. O. Hasna and M. S. Alouini, “End-to-end performance oftransmission
systems with relays over Rayleigh-fading channels,”Wireless Communi-
cations, IEEE Transactions on,vol. 2, no. 6, pp. 1126-1131, Nov. 2003.

[8] M. O. Hasna and M. S. Alouini, “A performance study of dual-hop
transmissions with fixed gain relays,”Wireless Communications, IEEE
Transactions on,vol. 3, no. 6, pp. 1963-1968, Nov. 2004.

[9] M. O. Hasna and M. S. Alouini, “Outage probability of multihop
transmission over Nakagami fading channels,”Communications Letters,
IEEE, vol. 7, no. 5, pp. 216-218, May 2003.

[10] S. Banerjee and A. Misra, “Minimum energy paths for reliable commu-
nications in multi-hop wireless networks,” inProceedings of the 3rd ACM
international symposium on Mobile ad hoc networking and computing,
pp. 146-156, June, 2002.

[11] A. J. Goldsmith, Wireless Communications, Cambridge,UK: Cambridge
University Press, 2005.

[12] C. Chen, W. E. Stark and S. G. Chen, “Energy-bandwidth efficiency
tradeoff in MIMO multihop wireless networks,”Selected Areas in Com-
munications, IEEE Journal on,vol. 29, no. 8, pp. 1537-1546, Sept. 2011.

[13] M. Dohler and Y. Li, Cooperative communications: hardware, channel
and PHY., Wiley, UK, 2010.

[14] Q. Chen and M. C. Gursoy, “Energy-efficient modulation design for
reliable communication in wireless networks,”Information Sciences and
Systems, 2009. CISS 2009. 43rd Annual Conference on,vol., no., pp.811-
816, 18-20 Mar. 2009.

[15] Qualcomm Europe, CMCC, Huawei, ZTE, “Relay path loss model,”
R1-092968, 3GPP RAN1 #57bis, Los Angeles, USA, June 2009. [On-
line]. Available at http://www.3gpp.net/ftp/tsgran/WG1 RL1/TSGR1
57B/Docs/R1-092968.zip.

[16] F. Richter, A. J. Fehske and G. P. Fettweis, “Energy efficiency aspects
of base station deployment strategies for cellular networks,” Vehicular
Technology Conference Fall (VTC 2009-Fall), 2009 IEEE 70th, vol., no.,
pp.1-5, 20-23 Sept. 2009.


