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Abstract

In recent years, green communications has received a lot of attention in aca-
demic society. Cognitive radio techniques have been introduced to improve
the spectrum utilization in already allocated spectrum band to licensed user
as well as it promotes green communications. Under spectrum sharing model,
secondary users can share spectrum with primary users under condition that
total interference caused by SUs should not be exceeded from a predefined
level. Energy efficiency is one of the important metric in cognitive radio net-
work as it has to work under strict transmit power constraint. In this paper
we explore how better energy efficiency can be achieved in spectrum sharing
environment. Our analysis shows that energy efficiency in cognitive radio
network is better when number of secondary users is more than available
channels.

Keywords: cognitive radio, quality of service, power control, spectrum
sharing, energy efficiency.

1 Introduction

Other than economy aspects, spectrum scarcity and green communications
are two serious challenges that nowadays wireless industry is facing. It is
well-known fact that wireless based services can survive only when de-
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sired spectrum is available and consume less power. Cognitive radio [1,
2] is considered a promising technology which can deal both problems
simultaneously.

In the recent years, with the emergence of new wireless services, demand
for the spectrum has been increased manyfold. Radio spectrum is a natural
scarce resource and most of the useful portion has already been allotted
to various services and regulators are facing difficulties to accommodate
new wireless services in the desired frequency band. Studies on spectrum
utilization have shown the different picture. Studies shows that spectrum
is underutilized in most of the frequency bands at given time and location
meaning that, part of the frequency band could be free and available at a
particular time and location, although it has been allocated to some primary
services [3]. The Federal Communication Commission (FCC) [4] estimates
that the variation of use of licensed spectrum ranges from 15 to 85%, while
Defence Advance Research Projects Agency (DARPA) [3] claims that only
2% of the spectrum is in use in the US at any given moment, even if all bands
are allocated.

Green communication is basically intended to reduce CO2 emissions to
protect the environment. Wireless industry is growing very fast, new tech-
nologies are coming very fast and surpassing old technology with higher
data transfer rate and converging more and more services at one platform.
In this process total energy consumption by the communication devices are
also increasing significantly 16–20% per annum, almost doubles every five
years. According to a climate report on Green Communications [5]

Currently 3% of the worldwide energy is consumed by the ICT
(Information & Communications Technology) infrastructure that
causes about 2% of the worldwide CO2 emissions, which is com-
parable to the worldwide CO2 emissions by airplanes or one quarter
of the worldwide CO2 emissions by cars.

Therefore, lowering energy consumption of future wireless radio systems are
demanding greater attention and requires new technologies and solutions and
is becoming an important factor in specification of future standards [6]. Cog-
nitive radio technology initially designed to cope with spectrum scarcity, but
due to its inherent properties like strict energy constraint and opportunistic
spectrum sharing with primary users without causing harmful interference
makes it ideal for green communications as well. Cognitive Radio is charac-
terized of an adaptive, multidimensionally aware, autonomous radio system
empowered by advanced intelligent functionality, which interacts with its
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operating environment and learns from its experiences to reason, plan, and
decide future actions to meet various needs [7]. This approach leads to a signi-
ficant increase in spectrum efficiency, networking efficiency as well as energy
efficiency. Benefits of cognitive radio with respect to green communications
are presented in [7, 8].

In cognitive radio network, unlicensed secondary users (SUs) are allowed
to share the same spectrum along with the licensed primary user (PU) as long
as interference generated by SUs is below the acceptable noise floor for the
PU of the spectrum as decided by the regulator. Restriction on transmitted
power by SU can be compensated allowing them to gain access wide band-
width [9]. This approach is known as spectrum sharing or underlay approach.
Power control in SUs network play one of the most important factors in cog-
nitive radio network. There are two main categories of power control in CR
networks: (a) centralized power control [10, 11], where a central manager
controls the transmission power of all users within its coverage area; (b) dis-
tributed power control [11, 12] where each user controls its transmission
power by itself using only local information. However, since the interference
temperature at the PU receiver cannot be identified by the local information, it
is difficult that the QoS requirement for the PU is guaranteed in the distributed
power control. In [12], the authors proposed a fully autonomous distributed
power control scheme without an additional process for CR networks where
the constraint for the sum of the interference induced by all SUs in the net-
work is replaced by a new constraint which limits the individual transmission
power by making the strong assumption that the total interference constraint
at the PU caused by all SUs is divided equally between SUs. As cognitive
radio is in nascent stage, centralised control is easier to maintain. It has the
advantage of easing the regulator’s control of spectrum usage, and allowing
them to direct how the spectrum is used [13].

In communication system, performance can be measured in different
ways. At the lowest level, bit error rate (BER) is basic criteria to measure
the performance of the link. Another criteria goodput or application level
throughput measures the amount of usable bits that received by the link [14].
These metrics provide an extremely low level and detailed view of the per-
formance of a communications system. According to the Shannon equation
[15] Goodput is related to bandwidth and transmitted power. In [16], a vari-
able power and bandwidth efficient modulation strategy has been discussed.
It has been shown that channel capacity can be enhanced by maximising
bandwidth efficiency, but this constantly increases the complexity of the sys-
tem which increases the overhead of the network. Another option is that if
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bandwidth is kept constant, goodput is dependent on transmitted power. High
goodput means high transmit power though increment is not linear. If we
wish to minimize transmitted power, we have to compromise on goodput for
a given bandwidth. A trade-off is needs to be done depending on the situation.
In this paper, a trade-off between transmit power and goodput in a centralised
cognitive radio network is investigated from the aspect of energy efficiency.
This is an extension of our previous work [17]. We also investigate what
would be the impact on energy efficiency if the number of available channels
is limited as compared to SUs.

The rest of this paper is organised as follows: Section 2 describes the
system model, performance metrics and our main assumptions. In Section 3,
simulation environment and results are analyzed and finally, conclusions are
discussed in Section 4.

2 System Model and Performance Metrics

We consider a spectrum-sharing model in which secondary users are allowed
to use the same spectrum licensed to a primary user simultaneously as long as
interference level at primary user receiver is within predefined level. Assume
that N pairs of SUs devices (a transmitter and its corresponding receiver) dis-
tributed in an area away from PU receiver and far away from PU transmitter
such that interference due to PU transmitter at SUs receiver is negligible. The
links between SUs and between SUs & PU receiver are flat Rayleigh fading
channels. In Rayleigh fading channels, the channel power gains are exponen-
tially distributed and have a mean values which depends on distance from
PU and SU transmitters and also from distance between SUs transmitters and
receivers. We also consider that channel state information between receiver
& transmitter of the secondary users and primary receiver & secondary trans-
mitters are perfectly known to SUs through a central band manager, which
mediates between primary and secondary users. We will use the following
notations in the paper: gi,i is the channel gain between the ith SU transmitter
and its corresponding receiver, gi,j is the channel gain between the ith SU
transmitter and the j th SU receiver and gPU,i is the channel gain between the
ith SU transmitter and PU receiver. Pi is peak transmit power from the ith
SU and Imax is the maximum predefined tolerable interference level at the PU
receiver.

A reliable implementation of cognitive radio network depends not only
upon the maximum tolerable interference level at primary receiver but also
on transmitted power of secondary user which determined by its target SNR.
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These two constraints are considered as quality of service (QoS) requirement
in cognitive radio network.

2.1 Threshold Interference Level at Primary Receiver

PU will always maintain its threshold SNR irrespective of how many SUs
enter into the network and share the same spectrum. The total interference
caused by SUs at PU receiver should always be less than to a predefined level
Imax. The QoS requirement for the primary receiver can be expressed as:

N∑
i=0

gPU,iPi ≤ Imax (1)

2.2 Target SNR of SUs

A secondary user’s received signal to noise ratio (SNR) at its receivers at
which it received data from its corresponding transmitter, constitutes the
secondary user QoS. SNR of the ith SU receiver is given as follows:

γi = gi,i (t)Pi(t)∑N
j=1,j �=i gi,jPj (t) + N0B

(2)

where N0 is the power spectral density of the AWGN noise and B represents
the received signal bandwidth. Pi is the power level of the ith SU. gi,i is the
channel gain between the ith SU transmitter & receiver and gi,j is the channel
gain between the j th SU transmitter and the ith SU receiver. Assuming that
all SUs are working on the same threshold SNR (γth), reliable communication
would occur only when

γi ≥ γth (3)

Considering the QoS requirement as given in Eq. (2) for SUs, Eq. (2) can be
expressed as

Pi ≥ γth

⎛
⎝ N∑

j=1,j �=i

gi,jPj

gi,i

+ N0B

gi,i

⎞
⎠ (4)

Let vector P = (P1, P1, P1, . . . , PN)T denote the transmit powers of the
users. Eq. (5) can be rewritten with equality in matrix form as follows:

(I − F)P = U (5)
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where I is N × N identity matrix, F is N × N and U is N × 1 matrix, being
specified as

F(i, j) =
{

γth
gi,j

gi,i
, i �= j

0, i = j
(6)

U = γth
N0B

Gi,i

(7)

If the maximum eigenvalue of matrix F is less than 1, there exist a non-
negative P, which satisfies Eq. (5). The required threshold SNR is achievable
with P∗ = (I − F)−1U being the Pareto optimal solution and the system
is feasible [12]. However, the SUs cannot increase their transmission power
indefinitely; there must be an upper limit for SUs transmitted power as

0 ≤ Pi ≤ Ppeak for all SUs (8)

Secondary users can make communication when their transmit power re-
quirements satisfy Eq. (8). If the total interference level at primary user
receiver would be above the predefined level, some of the secondary users
would go off. In any case enormously high power cannot be transmitted by
secondary users in cognitive radio network. This shows that a cognitive radio
network is more energy efficient as compared to a primary licensed network.

2.3 Performance Metrics

The choice of the proper performance metric to measure the efficiency of the
power management strategy in terms of average energy consumption requires
some preliminary considerations. A better definition of the energy efficiency
is the one used in [8, 18]. However, this definition is not very useful when the
transmission is not continuous in time. A better definition of energy efficiency
for system where transmission is not continuous can be described average
goodput over per unit average transmitted power. This can be given by

η = gd

Ptotal
(9)

where Ptotal is the average total power transmitted by SUs and gd is the av-
erage goodput produced by SUs. Goodput is the number of bits successfully
transmitted in one second by SUs [14] and it can be written as follows:

Goodput(gd) = r(t1 + t2 + · · · + tn)

T
(1 − Pe)r (10)
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where r is the data rate in bit/s; T is the packet duration; Pe is the Packet
Error Rate (PER) and ti is the time interval in which the ith SU is transmitting
during the time interval T .

Energy efficiency also depends upon the modulation scheme. A high
level modulation scheme means more power whereas a low rate modulation
scheme means low transmit power and better efficiency [16].

3 Results and Discussion

In this section, we assume that two fixed secondary users are allowed to use
the same spectrum licensed to a primary user under spectrum-sharing model.
For simulation, we assume a packet length of 200 bits and a data rate of 100
Kbps BPSK transmission in 100 KHz bandwidth. At given transmit power,
first preference will be given to both users transmit simultaneously. If not
possible preference will be given user which transmits less power. If these
two cases are not possible within given transmit power and interference con-
straint, both the SUs will go off. We consider that both SUs are 400m apart
and their proximity from primary receiver is 200 m. The distance between
secondary transmitter and receiver is 100 m.

The relationship between packet error rate (PER), probability error (pe),
target SNR depends upon the modulation/coding scheme and the data rate.
Assuming a binary phaseshift keying (BPSK) modulation scheme and no
coding with Np is the number of packets per second, the relationship among
goodput and PER can be expressed as

pe = 1

2
erfc

{√
(SNRthreshold)

}
(11)

PER = 1 − (1 − pe)
Np (12)

Under spectrum sharing model in cognitive radio network, two quality of ser-
vices (QoS) requirement i.e., threshold SNR in SUs network and maximum
interference at PU receiver need to be satisfied simultaneously. Under normal
circumstances, average goodput in SUs channel increases with increasing
peak transmit power, reaches to maximum and no further increment is visible
while increasing peak transmit power. The goodput variation with peak power
at different threshold SNR value is shown in Figure 1.

At low peak power, goodput is low because threshold SNR criteria is
difficult to meet whereas at high peak power, goodput is almost constant due
to predefined maximum interference level at PU receiver. It restricts the fur-
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Figure 1 Goodput versus peak power at Imax = −110 dBW.

ther increase in average goodput and at this stage secondary network is under
saturation condition. Therefore, maximum interference level at PU receiver is
dominant constraint at high peak power. If we look at energy efficiency curve,
efficiency decreases with increasing peak transmit power and after at certain
level, it becomes almost constant irrespective of peak transmit power. At high
peak power, interference level criteria put a cap over SUs participation due
to which efficiency becomes almost constant. The energy efficiency variation
with peak power at different threshold SNR value is shown in Figure 2. It
is also shown that there is no significant variation in energy efficiency at
different threshold SNR value though a clear variation in goodput can be
seen.

Energy efficiency is the ratio of average goodput and peak power and
this ratio is almost constant at different SNR as average goodput and sum
of average peak power both increase simultaneously while lowering SNR.
It is also shown that there is no significant variation in energy efficiency at
different threshold SNR value though a clear variation in goodput. Energy
efficiency is the ratio of average goodput and peak power and this ratio is
almost constant at different SNR as average goodput and sum of peak power
in one simulation cycle, both increases simultaneously while lowering SNR.

Average goodput and energy efficiency at two peak transmits power
−32 and −24 dBW at 10 dB SNR under strict interference level at PU re-
ceiver (Imax) are shown in Figure 3. At low peak power, efficiency is high, but
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Figure 2 Energy efficiency versus peak power at Imax = −110 dBW.

Figure 3 Energy efficiency and goodput versus peak power at Imax = −123 dBW and SNR =
10 dB.

goodput is low whereas at high peak power goodput is high and efficiency is
low, but both are almost constant. Selection of peak power is depending upon
what we need to achieve. At very high peak power, there is no significant
increment or decrement in goodput as well as in energy efficiency. Therefore,
high peak power is not advisable in cognitive radio network. It also restricts
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Figure 4 Energy efficiency versus max interference level at different peak power and SNR is
10 dB.

the participation of number of SUs. On the other hand choosing low peak
power is also not advisable though energy efficiency is very high, but good-
put is very low. Low peak power is suitable when we have to transfer small
amount of data. Neither too high nor too low peak power is an ideal situation
in cognitive radio network because goodput and energy efficiency both are
moderate.

The interference level at primary user receiver is the most important cri-
teria in cognitive radio network. Energy efficiency at different interference
levels at two different peak transmit powers is shown in Figure 4. At a very
high interference level, energy efficiency is very high due to low peak power.
As we decrease the value of the interference level, energy efficiency decreases
and attains almost a constant value. This shows the saturation state at a given
peak transmit power. The situation will change when we change the peak
transmit power.

Now we increase the number of SUs at a peak power of −32 dBW and
10 dB SNR under the same conditions. The variation in energy efficiency
with respect to the number of SUs at different interference levels is shown
in Figure 5. It shows that the energy efficiency increases with an increasing
number of SUs at a given interference level. The energy efficiency is higher
under strict interference conditions due to a low average peak power. As we
increase the number of SUs, channel occupancy increases resulting in higher
goodput and more power consumption, but the increment in goodput is more
than the power consumption due to the interference limit which gives a high
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Figure 5 Energy efficiency versus the number of SUs at different interference levels. Peak
power is −32 dBW and SNR is 10 dB.

energy efficiency. A high interference limit means less power consumption
and a high energy efficiency.

In the next scenario, we consider that only two channels are available for
SUs communications and at a time only two SUs having the lowest possible
peak power for communication. Variation in energy efficiency with respect
to the number of SUs under such conditions is shown in Figure 6 where the
energy efficiency with respect to the number of SUs under these two condi-
tions at 123 dBW interference level has been shown. Under strict interference
conditions, the energy efficiency is almost equal when the number of SUs
is less than 5 but when we increase the number of SUs beyond 5, energy
efficiency increases as compared to the situation when there is no cap on the
number of channels.

This increment in energy efficiency is more visible when interference
condition is more relaxed. This can be seen in Figure 7, where the energy
efficiency with respect to the number of SUs under similar conditions at
−110 dBW interference level has been shown. The difference in energy effi-
ciency is clearly visible in two different conditions. Restricting two SUs at a
time, the average goodput is lower than in a normal situation and the average
power consumption is lower which gives better energy efficiency. It shows
that channel utilisation in terms of energy efficiency is high when the number
of SUs is higher than the number of available channels. This also gives better
spectrum utilisation.
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Figure 6 Comparison of the energy efficiency in normal conditions and two channel condi-
tions at Imax = −123 dBW. Peak power is −32 dBW and SNR is 10 dB.

Figure 7 Comparison of the energy efficiency in normal conditions and two channel condi-
tions at Imax = −110 dBW. Peak power is −32 dBW and SNR is 10 dB.

4 Conclusions

We have presented the energy efficiency in cognitive radio networks for
multiple secondary users under a centralised power allocation scheme. The
simulation result shows that the average energy efficiency is better at low
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peak transmit power, but goodput is very low. Therefore, a slightly higher
peak power is better because goodput and energy efficiency both are moder-
ate and data transfer can be made effectively. This also provides more SUs
participation simultaneously, allowing a lower use of batteries in a device
and a better spectrum utilisation. Energy efficiency and spectrum utilisation
can further be enhanced when the number of SUs is more than the available
channels. There is one disadvantage, which is that data transmission by SUs
may not be continuous due to the limited number of available channels as
compared to the number of SUs trying to communicate. Therefore, delay
is inevitable in SUs transmission under such conditions. This scenario is
suitable for application such as WLAN, where continuous data transfer is
not required whereas applications like voice communication may not be suit-
able for such a scenario. The energy efficiency can be further increased by
a tradeoff between peak power, SNR and bandwidth. A field approach to
such scenario would be more interesting and could be the subject of further
research work.
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