
by CPLEX) which can solve MIQCQPs to solve PP in inner
iterations. Table 1 shows the iteration number and running
time needed to solve RMP in order to obtain �-bounded
approximate solutions. The results are obtained when there
are 20 CR nodes in the network. We can see that it takes 156
iterations and 9.05 seconds to solve RMP so as to get optimal
results, i.e., when � ¼ 0%5. Table 2 gives the cost of solving
RMP when � ¼ 0% in networks of different sizes. We can
observe that as the number of CR nodes increases, the itera-
tion number and the total running time both increase. Intui-
tively, this is because when the number of nodes increases,
the number of variables increases as well and the searching
space becomes larger.

Besides, Fig. 2 illustrates the convergence property of
upper and lower bounds on the optimal energy consump-
tion when we use traditional algorithms to solve PP in
inner iterations, given that � ¼ 0% and there are 20 CR
nodes in the network. In each iteration, we compute the
lower and upper bounds on the minimum energy con-
sumption of MP and track their progresses. Recall that in
each iteration the upper bound cu is the optimal result of
RMP, while the lower bound cl is calculated according to
(23). We can find that although the gap between the lower
and upper bounds is initially large, the gap narrows
down quickly in the first 140 iterations. Particularly, note
that there is a sharp decrease of cu at the beginning. This
is because the initial set of independent sets K0 used for
solving RMP is very small and simple, and can be easily
well improved. Thus, it demonstrates that we can effi-
ciently find the �-bounded approximate solution with our
simple initial set K0. In addition, we find that the mini-
mum total energy consumption in one time slot finally
converges to 22.1 joules (J).

8.2 Cost of Solving PP
We then evaluate the cost of solving PP in networks of dif-
ferent sizes when � ¼ 0%. We set max iter num ¼ 10 
G
where G ¼ jN j2jMj in Algorithm 1. Table 3 shows the run-
ning time of a traditional algorithm provided by CPLEX
and that of the proposed decomposition scheme, i.e., LBPS
plus PA, which is the total running time of solving PP until
an optimal result for MP is obtained. Obviously, the pro-
posed decomposition outperforms (in terms of running
time) the traditional algorithm. Specifically, when N ¼ 40,
the running time needed by our decomposition method is
11.42 seconds, which is only 0.33 times of that needed by
the traditional algorithm, i.e., 34.53 seconds.

Fig. 3 shows the convergence property of upper and
lower bounds on the optimal energy consumption when we
use decomposition scheme to solve PP in inner iterations,
given that � ¼ 0% and there are 20 CR nodes in the network.
We find that the minimum energy consumption is also
22.1 J, which is the same as that in Fig. 2. We also notice that
compared to using the traditional algorithm to solve PP,
using the decomposition scheme leads to slightly more iter-
ations, i.e., we need to solve RMP for more times. However,
the total running time when using the decomposition
scheme is 11:35 þ 5:56, i.e., 16:91 s, which is much less than
the total running time when using traditional algorithms,
i.e., 11:35 þ 16:49 ¼ 27:84 s. This is due to the fact that the
decomposition scheme is more efficient and hence takes less
time in each iteration. Note that since this running time is
obtained on a general-purpose PC with modest computa-
tion capability, it can be further reduced if a more powerful
server is used. Besides, Chen et al. [38] carried out a set of
spectrum measurements in the 20 MHz to 3G Hz spectrum
bands at four locations concurrently in Guangdong prov-
ince of China, and found that most of channel vacancy dura-
tion last longer than 150 seconds, which is much larger than
the running time of our algorithm. Therefore, our algorithm
can work well under the dynamic availability of secondary
spectrum bands.

We further illustrate the convergence speed of our

scheme in Fig. 4 when there are 20 CR nodes in the network.

Following the similar idea of rate of convergence as

described in [65], we define the convergence rate in the kth

iteration as aðkÞ ¼ jcuðkþ1Þ�c	j
jcuðkÞ�c	j

6, where cuðkÞ stands for cu

obtained in the kth iteration. Thus, the lower aðkÞ is, the

faster convergence our scheme achieves in the kth iteration.

Besides, when the result converges in the kth iteration, we

have cuðkÞ ¼ cuðkþ 1Þ ¼ c	 and hence aðkÞ ¼ 1. As shown

in Fig. 4, we can see that the convergence rate aðkÞ
approaches 1 as the iterations continue, indicating the con-

vergence speed slows down. Moreover, when k is smaller

than 185, aðkÞ’s are obviously lower than 1, indicating fast

convergence of our scheme. Besides, we obtain from Fig. 3

that cuð185Þ ¼ 22:9 J, i.e., � ¼ 3:6% when k ¼ 185. This

reveals similar results observed by [22], [23] that column

TABLE 1
Solving RMP with Different �’s

TABLE 2
Solving RMP with Different Network Sizes

5. Note that the simulations are conducted on a general-purpose PC
with modest computation capability. In practice, the optimization prob-
lems will be solved by the service provider, which usually has much
higher computation capability. Thus, the computation time in practical
cellular systems can be much shorter.

6. Rate of convergence [65] is usually employed to analyze the con-
vergence speed of an algorithm or a sequence fxkg. For example, if
there exists a number m 2 ð0; 1Þ such that limk!1

xkþ1�L

xk�L ¼ m, we say
that the sequence fxkg converges linearly to L with m being the rate of
convergence. Although there are other kinds of definitions, this metric
does not tell clearly the convergence performance at each node of a
sequence. Since in our algorithm, the convergence speed is very
dynamic in different iterations, we design a similar metric, convergence
rate in an iteration, to show the convergence speed more clearly and in
more detail. Fig. 4 shows that the convergence speed of our algorithm
tend to slow down as it proceeds.
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scheduling length and hence a higher maximum end-to-

end throughput.

8.4 Energy Consumption Optimization Under
Uncertain Spectrum Supply

Both the lower and upper bounds on the minimum energy
consumption under uncertain spectrum supply with differ-
ent b’s are illustrated in Fig. 6. Note that we consider a net-
work of 20 CR nodes. We can see that the minimum energy
consumption (when the results are stable) when b ¼ 0:9,
i.e., 40.6 J, is higher than that when b ¼ 0:8, i.e., 36.7 J. This
is intuitively true because a smaller b indicates a lower
requirement on service quality, and hence the minimum
energy consumption can be lower.

8.5 Impact of Adaptive MMM-QAM
We first compare the running time of our decomposition
scheme under these two link capacity models. As we
explained above, only the cost of solving PP is influ-
enced by the link capacity model. Thus, we compare the
running time of solving PP under constant M-QAM with
that under adaptive M-QAM in Table 4. The results are
obtained under different N’s by setting � ¼ 0%. We find
that the running time required to find the optimal result
under the adaptive M-QAM is higher than that under
the constant 8-QAM. This is because PP formulated
under the constant 8-QAM only includes variables sijm’s,
while that under the adaptive M-QAM includes both
sijm’s and stijm’s as variables, resulting in higher compu-
tation complexity.

Fig. 7a compares the minimum energy consumption
c	 achieved under the two modulation schemes. We find
that the minimum energy consumption under the con-
stant 8-QAM is higher than that under the adaptive
M-QAM model. Specifically, when N ¼ 20, the former is

equal to 22.1 J, while the latter is equal to 19.7 J. This is
because with the same transmission power, the achiev-
able data rate can be larger under the adaptive M-QAM
model. Therefore, the scheduling length required to sup-
port the same traffic is shorter under the adaptive
M-QAM model, which results in lower energy consump-
tion. We also show in Fig. 7b the maximum end-to-end
throughput comparison between these two models. We
find that the maximum end-to-end throughput under the
adaptive M-QAM model is higher than that under
the constant 8-QAM model. Particularly, when N ¼ 20,
the former is equal to 0.61 Mbps, while the latter is equal
to 0.45 Mbps.

Table 5 compares the energy consumption under these
two models when b takes different values. We find that
energy consumption under both models increases as b

increases, because a larger b indicates a higher require-
ment on spectrum availability. Besides, under the same
b, the energy consumption under the adaptive M-QAM
model is lower than that under the constant 8-QAM
model.

9 CONCLUSIONS

In this paper, we have proposed a novel multihop cogni-
tive cellular network architecture to accommodate the
ever-exploding traffic demand in cellular networks. We
have studied a minimum energy consumption problem
in MC2Ns, and formulated it as a joint scheduling, rout-
ing, and transmission power control optimization prob-
lem, which we call MP and is a QP problem. We have
solved MP utilizing column generation, without having
to find the maximum independent sets which are
assumed to be known by most previous works. We have
also investigated the minimum energy consumption
problem considering uncertain spectrum bandwidth,
which has been largely overlooked in former research.

Fig. 6. Performance comparison with different b’s under uncertain spec-
trum supply.

TABLE 4
Running Time Comparison under Different Modulation Schemes

Fig. 7. Performance comparison under different modulation schemes.
(a) Energy consumption. (b) Maximum end-to-end throughput.

TABLE 5
Energy Consumption Comparison under Different

Modulation Schemes
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Moreover, both constant M-QAM and adaptive M-QAM
physical-layer modulation schemes have been considered
in the energy consumption problem.
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