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Fig. 4. Markov Chain Model Long TCP Congestion Window Size Evolution in CA phase. Where p(i) is the loss probability with congestion window size
of ‘i’ packets.
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Fig. 5. eNBs TCP throughput with aggregation and without scheduling.

as the value of ↵ at f(↵) = 0. Subsequently, the average
throughput E[T] in (bps) is computed as follows:

E[T ] =
E[W ]

RTT
⇥MSS. (4)

where RTT is the round-trip time (in seconds), and MSS is
the Maximum TCP Segment Size (in bits). It is worthwhile to
note that for the proposed aggregation-cum-scheduled frame-
work, the measured RTTs were almost steady to a fixed value
in our experiments, which also a significant factor towards
ensuring fairness.

V. PERFORMANCE EVALUATION

The LTE-based network is studied in ns-3 [14] simulation
environment, and wired-part of the network is studied in
Mininet network environment. We integrated ns-3 simulation
to Mininet environment in order to get a unified model of the
smart grid network.

Figure 5 shows the individual eNB’s throughput per-
formance in the aggregation-only setting. In other words,
weighted round robin is not considered. The unfairness among
flows are prevalent. This is due to the fact, that total throughput
is determined by the ‘last ASnode2 and the server’ pair, as
this forms the bottleneck link. Due to the high throughput
in preceding links, the packets get buffered in the queues and
are always available to the last AS node to consume. However,
different flows from the preceding links experience different
RTT the way they feed the queue is heterogeneous thereby
propagating the unfairness at the server. It is also noted that
different flows complete their transfer at different points in
time due to substantial difference in throughput.
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Fig. 6. eNB TCP throughput in Proposed Aggregation and Scheduling
Framework. The horizontal lines and the respective values show the analytical
average throughput, as computed from Eq. 4.

Figure 6 shows the improved fairness conditions in the sys-
tem utilizing our proposed aggregation-and-scheduling frame-
work, which is evident from the eNBs throughput being
proportional to the number of UEs connected. To understand
the accuracy of fairness, we have used Jain’s Fairness Index
to evaluate the fairness of the three respective network set-
tings, namely no-aggregation, aggregation-only, and aggrega-
tion/scheduling. The Jain’s Fairness Index [10] is computed as
follows:

Fairness index =

(

Pn
i=1 E[Ti])

2

n⇥
Pn

i=1 E[Ti]
2

(5)

where E[Ti] throughput of TCP flow i and n is the total
number of flows. Figure 7 shows the fairness of the system
for three different network settings. It is more evident that
our proposed framework outperformed both no-aggregation,
and aggregation-only setups by exhibiting perfect fairness
for all the three heterogeneous RTT eNBs in the network.
With the practical operating scenario including heterogeneous
RTT flows, and composite multi-level aggregated flows due to
tandem aggregators, our proposed framework handled fairness
more effectively than other traditional systems.

Figure 8 and Fig. 9 show the received throughput of
independent UEs clearly demonstrating the fairness of the
proposed framework. To understand the throughput deviations
of all three types of frameworks, Fig. 10 shows the total
throughput distribution for the three different policies. In
addition to achieving fairness, the throughput of proposed


