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Abstract

Recently, energy-efficient cellular transmission has received considerable research attention
to improve the energy efficiency of wireless communication. In this paper, we consider a
cellular network consisting of one base station (BS) and multiple user terminals and explore
the network coding for enhancing the energy efficiency of cellular downlink transmission
from BS to users. We propose the network coded cellular transmission scheme and conduct its
energy consumption analysis with target outage probability and data rate requirements in
Rayleigh fading environments. Then, the energy efficiency in Bits-per-Joule is further defined
and analyzed to evaluate the number of bits delivered per Joule of energy cost. Numerical
results show that the network coded cellular transmission significantly outperforms the
traditional cellular transmission in terms of energy efficiency, implying that given a Joule of
energy cost, the network coded cellular transmission scheme can deliver more bits than the
traditional cellular transmission.
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1. Introduction

With the development of society and economy, there is an explosive growth in cellular

communication services, which results in a continuous increase of the electric energy
consumption. Nowadays, in order to provide users with better service experience, today’s
mobile terminals (e.g., smart phones) are generally equipped with multiple network access
interfaces to support both the short-range communication (e.g., Bluetooth and Wi-Fi) and
long-range communication (e.g., cellular networks) [1], which, however, cost considerable
energy for connecting multiple networks. Moreover, the fast growth of wireless multimedia
services (e.g., video game, video-on-demand) would further drain the battery energy of mobile
terminals. Notice that the advances in battery technology are very slow and the battery
capacity has been improved by eighty percent only in the past decades [2]. In contrast, the
energy consumed by mobile terminals keeps fast growth. More specifically, the
first-generation mobile devices have low power consumption at 1-2 Watts around and the
third-generation (referred to as 3G) terminals double this figure. Moreover, the
fourth-generation (known as 4G) terminals are expected to further double the 3G devices'
power consumption [3], which may lead 4G mobile phones to be limited to work in certain
places, even bound to a single place where power charging outlets are available, which is
called “energy trap” [4]. It is therefore extremely important to investigate energy-efficient
wireless communication to reduce the energy consumption of cellular transmission to avoid
so-called “energy trap” effect.

Network coding was initially introduced for satellite communication [5] and then
examined for wired networks [6], which was further developed for wireless networks [7], [8],
especially for cooperative wireless networks [9]. In [5], the authors proposed a distributed
source coding scheme for satellite communication and characterized the inner and outer
bounds on admissible coding rate region of the distributed source coding. The network
information flow with so-called network coding was then studied in [6] for wired networks, in
which the admissible coding rate region was developed by exploiting so-called max-flow
min-cut theorem. In [7], the authors investigated the use of network coding to reduce the
number of retransmissions in a broadcast network and showed that the proposed network
coding scheme performs better than the traditional automatic repeat-request (ARQ) scheme in
terms of bandwidth efficiency. A noisy network coding scheme was further proposed in [8] for
a general noisy network consisting of multiple sources and destinations, which reduces the
performance gap to the cutset bound as compared with the conventional network coding
approaches. In addition, a practical physical-layer network coding scheme was presented in [9]
for two-way relay networks, where the relay nodes are used to assist the message exchange
between two network nodes. It is pointed out that the aforementioned work is focused on the
use of network coding for improving the transmission throughput and reliability. However, the
energy efficiency of network coding for wireless communication is yet to be investigated.

In this paper, we explore the network coding in a cellular network consisting of one base

station (BS) and multiple users, aiming at enhancing the energy efficiency of cellular
transmission. The main contributions of this paper are summarized as follows. First, we
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propose a network coding scheme for cellular downlink transmission from BS to multiple
users and derive a closed-form energy consumption expression of the network coded cellular
transmission with target outage probability and data rate requirements. Second, we provide the
definition of energy efficiency in Bits-per-Joule, which is used to evaluate the number of bits
delivered per Joule of energy cost. For the comparison purpose, we also analyze the energy
efficiency of traditional cellular transmission as a benchmark scheme. Finally, numerical
results on energy efficiency are presented to show the advantage of proposed network coded
cellular transmission over traditional cellular transmission.

The rest of this paper is organized as follows. Section Il presents the system model of a
cellular network and proposes a network coding scheme for cellular downlink transmission. In
Section 11, given target outage probability and data rate requirements, we conduct the energy
efficiency analysis of proposed network coded cellular transmission over Rayleigh fading
channels. Next, in Section 1V, numerical energy efficiency results are presented to show the
energy saving benefits of using network coding. Finally, we provide some concluding remarks
in Section V.

2. Proposed Network Coding Scheme for Cellular Downlink
Transmission

In this section, we first present the system model of a cellular network consisting of one BS
and multiple users, where BS transmits downlink packets to the multiple users, respectively.
Then, we propose the network coding scheme for cellular downlink transmission as well as the
traditional cellular transmission as a benchmark scheme for comparison.
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Fig. 1. A cellular network consists of one base station (BS) and N users.
Fig. 1 shows the system model of a cellular network consisting of one base station (BS) and
N users denoted by U ={U,,U,,---,U}. As shown in Fig. 1, the signal to be transmitted
from BS to U, is denoted by s,, where i=1,2,---,N . In the cellular network, BS is regarded

as a centralized controller and communicates with N users using an orthogonal multiplexing
method such as the time division multiplexing (TDM) and orthogonal frequency division
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multiplexing (OFDM). It needs to be pointed out that different orthogonal multiplexing
techniques achieve the same Shannon capacity performance in an information-theoretical
sense. Without loss of generality, the TDM approach is assumed at BS for transmitting
S,,S,, -+, Sy to U, U,,--- U, , respectively. More specifically, s,,s,,---,s, are transmitted by
BS over different orthogonal time slots to avoid interfering with each other. Notice that this
paper is focused on the cellular downlink transmission from BS to N users and similar
performance analysis can be obtained for the cellular uplink transmission from users to BS.
Generally speaking, wireless transmission experiences the path loss and fading, i.e., the
received signal at destination is a faded version of transmit signal. Assuming the transmit
power P, the received signal power P, is given by
2
p _RINE
dn
where d is the transmission distance, n is the path loss exponent, and h is a fading co-
efficient of the channel from transmitter to receiver. Notice that the path loss exponent is
typically in the range of 2 to 4, i.e.,, 2<n<4, where n=2 is used to characterize the
propagation loss in free space. The channel coefficient h is modeled as Rayleigh fading, i.e.,

random variable | h|* follows exponential distribution with mean . Although only the

Rayleigh fading is considered in this paper, similar performance analysis and results
can be obtained for other fading models (e.g., Nakagami fading). In addition, the
additive white Gaussian noise (AWGN) at receiver is modeled as a zero-mean circularly

symmetric complex Gaussian (CSCG) random variable with variance o . As discussed in [1],
the noise variance o’ is given by
of =x1B,

where x denotes the Boltzmann constant (i.e., x=1.38x10>Joule/K ), T denotes the
system temperature in Kelvin (K ), and B denotes the channel bandwidth. Letting N, =T

and considering room temperature T =290K , we easily obtain N, =—-174dBm/Hz, which is
referred as the noise power spectral density.

2.2 Traditional Cellular Transmission

«————————————Frame (T)
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Fig. 2. Frame structure of the traditional cellular downlink transmission from BS to N users employing time

division multiplexing (TDM), where B and T represent the spectrum bandwidth and frame duration,
respectively.
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For the comparison purpose, let us first consider the traditional cellular downlink
transmission without network coding. Fig. 2 shows the frame structure of traditional cellular
downlink transmission by considering the time division multiplexing (TDM), where B and
T represent the spectrum bandwidth and frame duration, respectively. As shown in Fig. 2,
each frame is divided into N time slots and BS transmits s, to U, in time slot i with power

P and data rate R in bits per second. Thus, the received signal at U, from BS is given by

Y,(0) =dy"hy (DyRs, +n;, (1)
where d,; is the transmission distance from BS to U, , n is the path loss exponent, h, (i) isa
fading coefficient of the channel from BS to U, in time slot i, and n, is the zero-mean
AWGN with noise power o = N,B. From Eqg. (1), the received signal-to-noise ratio (SNR) at
U, with the traditional cellular transmission in time slot i is obtained as

vy I P
7 ()= 4INB )

where the superscript T denotes “traditional” and N, is the noise power spectral density.

2.3 Proposed Network Coding Scheme

Y
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Fig. 3. Frame structure of the proposed network coding scheme for cellular downlink transmissions from BS to N
users, where B and T represent the spectrum bandwidth and frame duration, respectively.

In this subsection, we propose the network coding scheme for cellular downlink
transmission from BS to N users. Fig. 3 shows the frame structure of proposed network
coded cellular downlink transmission, where B and T represent the spectrum bandwidth and
frame duration, respectively. One can see from Fig. 3 that the whole frame is divided into
N +1 time slots, where the first N slots are utilized to transmit s,s,,---,S, and the

modulo-2 addition among s;,S,,:-,S, (i.e., 5,®s,®---@s ) is transmitted in time slot
N +1. As a consequence, U, is able to obtain s, in two possible ways: 1) by decoding the

received signal in time slot i ; and 2) by performing the modulo-2 addition among the decoded
outcomes of received signals in remaining N slots. We assume that in the network coded
cellular downlink transmission, the same transmit power P is adopted by BS in different time

slots. Moreover, BS transmits at data rate NTH R in bits per second in order to send the same

amount of effective information as the traditional cellular transmission. Considering that BS
transmits s, with power P in time slot i, the received signal at U, is expressed as
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r(i)=d;"h, ()VPs, +n,, (3)
from which the received SNR is given by
. h@®OFP
P i =|b'—, 4
7i (i) 47N (4)

where the superscript P stands for “proposed”. Similarly to Eq. (4), the received SNR at U,

in other time slots, e.g., slot j, can be given by

Ih ()P P
d;N,B

where je{l,2,---,N +1}—{i} and — denotes the set difference. For notational convenience,

let Q, denote set {1,2,---,N +—{i}, i.e,, @ ={L2,---,N+I}—{i}. It can be observed that

the cardinality of set ), is given by N . So far, we have completed the signal modeling of

proposed network coded cellular downlink transmission scheme. The following presents the
energy efficiency analysis of the traditional and proposed cellular transmission schemes.

7 ()= , ®)

3. Energy Efficiency Analysis with Target Outage and Rate
Requirements

In this section, we analyze the energy efficiency of traditional and proposed cellular
transmission schemes over Rayleigh fading channels. Under the target outage probability and
data rate requirements, we first characterize the energy consumption of cellular transmission
and then present an energy efficiency definition to evaluate the number of bits delivered per
Joule of energy cost.

3.1 Traditional Cellular Transmission

This subsection presents the energy efficiency analysis of traditional cellular transmission.
Throughout this paper, we consider that different users (i.e., U,,U,,---U) have the same
outage probability and data rate requirements. Without loss of generality, the target outage

probability and data rate for different users are denoted by Pout and R (in bits/s ),
respectively. Using Eg. (2) and the Shannon capacity formula, we can obtain the channel
capacity from BS to U, intime slot i as

. (P
CT ()= Blog,| 1+ WL F | 6
bi ( ) gz( dk: NOB ( )
As discussed in [13], an outage event occurs when the channel capacity drops below the

target data rate R. Thus, an outage probability of the transmission from BS to U, with the
traditional scheme can be obtained from Eg. (6) as

Pout] =Pr(C} (i) <R). )
Substituting Eq. (6) into Eq. (7) gives
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(8)

R/IB _ n
Pout’ = Pr(| h (i) < 2 DdbiNOB] .

P

Note that random variable | h,, (i) |* follows exponential distribution with mean o . Thus,
we can further compute Eq. (8) as

(9)

R/IB n
Pout! =1—exp{—(2 DdbiNoB].

2
Poy;

Given the target outage probability, i.e., Pout’ =Pout , we can obtain the power consumption
of BS intime slot i from Eq. (9) as

(2%® —1)dN,B
P=-" e, (10)
oy; In(1—Pout)

where O<Pout<1 . Considering that the duration of time slot is T/N , the energy
consumption of BS in time slot i denoted by E; is given by

T
E=——P. 11
= (11)
Thus, the total energy consumption of BS over N time slots with the traditional cellular
transmission scheme is obtained as
N

> R. (12)

i=1

E, =

z|-

Since BS transmits at data rate R during N time slots, the total number of bits transmitted
can be given by

Nbits=RT . (13)
Using Egs. (12) and (13), the energy efficiency in Bits-per-Joule is defined as
Nbits N =
h = E 3 R, (14)
! P
i=1

which is used to quantify the number of bits delivered per Joule of energy cost.

3.2 Proposed Network Coding Scheme

In this subsection, we present the energy efficiency analysis of proposed network coded
cellular downlink transmission. As aforementioned, in the network coded transmission, a user
U, canobtain s, from BS in two possible ways: 1) by decoding its received signal from BS in
time slot i ; and 2) by performing the modulo-2 addition among the decoded outcomes of its
received signals from BS in other N slots. Hence, an outage event occurs at U, in decoding
s, only when U, fails to decode its received signal in time slot i and is unable to succeed in
decoding all the received signals in other N time slots. Therefore, an outage probability of the
transmission from BS to U, with the proposed network coding scheme can be given by
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< (N +DR

pou? b ci mincg(< M08 | a9

N

where Q ={,2,---,N+3-{i} , C;(i) and C[(j) represent the channel capacities of
transmission from BS to U, in time slots i and j, respectively. Using the Shannon capacity
formula, we can obtain C/ (i) from Eq. (4) as

. h.() P
Ch(i)=Blog,|1 I OF P : 16
40 gz(+ TN (16)
Similarly, we can also obtain C/; (j) from Eq. (5) as
. h.()F P
C-(j)=Blog,|1 Iy (DI P : 17
o (1) gz[+ 47N, B (17)

Substituting Egs. (16) and (17) into Eq. (15) and assuming that the wireless fading varies
independently from slot to slot (i.e., | h, (i)|* and | h,(j)[* are independent of each other), we
can obtain Eq. (18) at the top of following page.

[2(N+1)§/(NB) _1]d£i NOB J

Pout? = Pr[| hy, (i) P < 5

(18)

[2(N+1)§/(NB) _1d? NOBJ '
P

xPr[|minhm(j)|2<
je&y
It is pointed out that both random variables |h, (i)|* and |h,(j)|* follow independent
exponential distribution with the same mean o/,. As a consequence, we can obtain term
[2(N+1)R/(NB)P_1]d;iNOBJ o

F’f[l hy ()<

(N+1)R/(NB) _ n (N+1)R/(NB) _ n
PI’(| hbi (|)|2< [2 1]deNOB]=1—eXp(—[2 1]db|NOB] . (19)

P o’P

Also, we can similarly obtain

- - 2
Pr(| rJTl'er] hy (1)<

[2(N+1)§/(NB) _1]d£i No B J
p

(N+1)R/(NB) _ n
=1—Pr(| minh, () > 2 ”db'N"Bj
18y

P
(20)

(N+DRI(NB) _ 4140 '
“1-[TPr I () P> 2 %N, B
jeQy P
[2(N+1)ﬁ/(NB) _1]anN BN
=1—exp[— 0
o, P

Substituting Eqg. (19) and (20) into Eq. (18) gives
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Pout; =1— exp(—

(N+)R/(NB) _ n
_exp(_[z 1]d2 N,BN J | 1)

2
o,;P

[2(N+1)E/(NB) _1]d1?i No B
O'bzi P

(N+L)R/(NB) _ n
vexp| 2 1gdb,NOB(N +1)
o,iP

Considering the target outage probability —Pout” =Pout and denoting

(N+D)R/(NB) _ n
. :exp(_[z —UdiN,B
o, P

J, we can obtain from Eq. (21) as

1-x —x" +x""™ =Pout, (22)
from which the solution 0 < xi* <1 can be easily determined. Thus, given Poutf’ =Pout, the
power consumption P is obtained as
2(N+1)§/(NB) —1]d£- NOB

ds In(x)
where x; is in the range of 0 to 1 and satisfies Eq. (22). Considering the fact that for all N
users, the corresponding outage probabilities of transmissions from BS to different users
should be guaranteed to be less than Pout , we can obtain the power consumption P as
) 2(N+1)§/(NB) _11d"N.B
P=—mln[ - *]dbl 0
eV dy; In(x;)
where U represents the set of N users. Therefore, the total energy consumption of BS over
the frame duration T with the proposed network coded cellular transmission scheme is given
by

ol

, (23)

; (24)

E,=PT. (25)
Meanwhile, in the network coded cellular transmission, the total number of effective bits
transmitted over the frame duration T can be given by
(N+DR NT _ "T
N +1
Using Egs. (25) and (26), the energy efficiency of proposed network coded cellular
transmission is given by

Nbits = (26)

Nbits R
= =—, 27
T (= P @7)

where P is given by Eq. (24).
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4. Numerical Results and Discussions
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Fig. 4. Energy efficiency versus transmission distance from BS to N users (d,, =d,, =---=d,, ) of the traditional

and proposed cellular transmission schemes with target outage probability Pout =107, data rate R =10Mbits/s ,
N, =—174dBm/Hz, N=2, n=4, ¢}, =1 and o, =2.

In this section, we present the numerical energy efficiency results to show the advantage of
proposed network coded cellular transmission scheme over the traditional cellular
transmission. Fig. 4 shows the energy efficiency of traditional and proposed cellular
transmission schemes with target outage probability Pout=10"° and data rate
R =100Mbits/s by plotting Eqs. (14) and (27) as a function of transmission distance from BS
to N wusers (d,=d,=---=dy ), in which two different spectrum bandwidths (i.e.,
B =5MHz and B=20MHz) are considered. One can observe from Fig. 4 that the energy
efficiencies of traditional and proposed cellular transmission schemes corresponding to
B =20MHz are higher than these corresponding to B =5MHz, respectively. This means that
increasing the spectrum bandwidth can improve the energy efficiency of cellular transmission.
In addition, Fig. 4 also shows that for both cases of B=5MHz and B =20MHz, the proposed
network coding scheme always outperforms the traditional cellular transmission in term of
energy efficiency, implying the energy saving benefits of using network coding for the cellular
transmission.

Fig. 5 shows the energy efficiency comparison between the traditional and proposed
cellular transmission schemes by plotting Eqgs. (14) and (27) as a function of outage
probability requirement Pout with target data rate R =100Mbits/s , N, =-174dBm/Hz ,
N=2, n=4, d,=d,,=500m, o =1 and o, =2. As shown in Fig. 5, the energy

efficiencies of both traditional and proposed cellular transmission schemes increase as the
outage probability becomes larger, implying that increasing the target outage probability will
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result in an increase of energy efficiency. It is seen from Fig. 5 that for both the traditional and
proposed cellular transmission schemes, the energy efficiency corresponding to B =20MHz
is strictly higher than that corresponding to B=5MHz, showing the energy efficiency
improvement by increasing the spectrum bandwidth. Fig. 5 also shows that for both cases of
B =5MHz and B =20MHz, the proposed network coding scheme performs better than the
traditional cellular transmission in term of energy efficiency. This means that given a Joule of
energy cost, the network coded cellular transmission scheme can deliver more bits than the
traditional cellular transmission.

10 : :

Network coding with B=20MHz
Network coding with B=5MHz
8 Traditional scheme with B=20MHz

L Traditional scheme with B=5MHz ﬁ
0 I——
g o
[=]
2
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& 10 - N
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® 10 f -
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@ — -
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10 10 10

QOutage probability requirement
Fig. 5. Energy efficiency versus target outage probability Pout of the traditional and proposed cellular
transmission schemes with target data rate R =100Mbits/s , Ny=-174dBm/Hz , N=2 , n=4 ,

d, =d,, =500m, o} =1and o7, =2.

5. Conclusion

In this paper, we investigated the network coding for improving energy efficiency in
cellular networks and proposed the network coded cellular transmission scheme. Under target
outage probability and data rate requirements, we derived the energy consumption of proposed
network coded cellular transmission over Rayleigh fading channels and conducted its energy
efficiency analysis to evaluate the number of bits delivered per Joule of energy cost. For the
comparison purpose, we also analyzed the energy efficiency of the conventional cellular
transmission. Numerical results showed that the proposed network coded cellular transmission
strictly outperforms the traditional cellular transmission in terms of energy efficiency, which
verifies the energy saving benefits of exploiting network coding for cellular transmission.

In this paper, we only investigated the single antenna at both BS and users. However,
exploiting multiple antennas can further improve the energy efficiency performance of cellular
transmissions under target quality of service (QoS) requirement. It is thus of high practical
interest to extend the results of this paper to the general case with multiple antennas. We leave
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this interesting extension for our future work.
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