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Fig. 2. (a) A simplified schematic view of RNC/BS where downlink traffics
from different users are scheduled into the buffers which are located higher
up in the RLC layer in the RNC (b) Application downlink traffic sessions
have On/Off behavior

To investigate the performance of our proposed PCP system,
we now develop an analytical model considering the per-user-
buffer at the RNC as a queueing system while also considering
the power on/off state of the WLAN interface.

As far as traffic patterns are concerned, the WLAN system
can be characterized by an on/off behavior as can be seen in
Fig 2 (b) [7]. For example, for a web page transfer, a mobile
node alternates between on period, ton during which a set of
web pages is downloaded as part of an application session
and, off period, toff during which there is no traffic due to the
thinking time. From Fig. 2, the probabilities of a mobile node
being in ton and of a mobile node being in toff are given by
pt on = �

� +� and pt off = �
� +� , respectively. Let both on and

off periods have an exponential distribution with mean � -1 and
� -1, respectively. During the ton period, we assume that traffic
arrives with a Poisson distribution of mean � and that each
mobile user has only one TCP session active at a time using
WWAN.

Now, we investigate the buffer size along with the power
consumption of the WLAN interface. Let N be the maximum
number of packets allowed in a per-user-buffer at the RNC (i.e.
buffer size). If we set the threshold n to the burst size, N , in
Fig. 2 (b), the arrival process to each buffer at the RNC can
be modeled as an Interrupted Bernoulli Process (IBP). First,
to analyze the buffer under our proposed PCP with n = N ,
we note that during toff period, the buffer contents must be
zero. When the state of the buffer at the RNC first makes a
transition to the ton state, for each subsequent transition to the
same ton state, a packet arrives in the buffer with mean � . At
the same time, the contents of the buffer are transmitted to the
mobile node through the WWAN interface with mean rate µ
until the BS wakes up the corresponding WLAN interface.

Therefore, we are able to construct a Markov chain model
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Fig. 3. State transition diagram for PCP with n = N where WLAN interface
is turned on from inactive state once the number of packets becomes N in
the buffer of RNC

for the per-user-buffer at the RNC as shown in Fig 3. If
we denote by pi the steady-state probability that the buffer
contains i packets, then it is easy to show that the steady-state
probabilities are given by

p0 = pt off (1)

�p 0 = �p 1 (2)

�p 0 + (1 − � )µp2 = (1 − � )�p 1 + �p 1 (3)

�p i−1 + µpi +1 = (� + µ)pi 2 ≤ i ≤ N − 2 (4)

Let x and t i denote the time elapsed from the moment when
the WLAN interface is turned on and the time taken to
initialize the WLAN, respectively. Since p0 = �

� +� , from
Eqs. 2-4, the rate at which the WLAN interface is turned on
from the inactive state is given by

p(N )
on = (1 − � )�p N −1(1 − (1 − � )µpN )u(x)

=
� (1 − � )�� N −2

� + �

(
1 − � (1 − � )�� N −2

� + �

)
u(x)

(5)

where u(x) =

{
1 t i − x > 0
0 t i − x ≤ 0

and � = �
µ . Thus, it can

be easily known from the case of n = N that the rate at
which the WLAN interface is turned on with n = k becomes
p(k)

on = (1− � )�p k−1(1−(1− � )µpk )u(x) = � (1−� )�� k −2

� +� (1−
� (1−� )�� k −2

� +� )u(x).
While the WLAN interface is being initialized, the SGSN

sends data packets through the WWAN interface. Although
this is a form of soft handoff, packets can still be dropped when
the RNC buffer becomes full. This depends on the SGSN data
rate and the size of the buffer at the RNC. When the buffer size
is N , i.e. PCP with n = N , the number of packets dropped is

d(N ) =(1 − � )�p N v(x)

=
� (1 − � )�� N −1

� + �
v(x).

(6)

where v(x) =

{
x t i − x > 0
t i t i − x ≤ 0

. Here, we note that the RNC

layer may control the SGSN data rate and the buffer size may
be set to be greater than the TCP window size [5] in order
to prevent data packets from being dropped For PCP with
n = k (k < N ), once the buffer has k packets, a vertical
handoff to the WLAN is initiated, so that it is less likely that
a packet is dropped than with n = N .

For PCP with n = 1, the rate at which the WLAN interface
is turned on from the inactive state can be expressed as p(1)

on =
�p 0 = ��

� +� .
As for the packet drop probability, if the initialization of

the WLAN interface is over before the buffer at the RNC has
N packets, we assume that there are no packets dropped at
the RNC (the case where a packet is dropped after a vertical
handoff to the WLAN has occurred is not considered). This
signifies that d(1) = 0 under the condition that � × t i × N .
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Fig. 9. Power consumption for non-communication state vs. varying mean
off period

as Fig. 7.
Fig. 10 shows the packet drop rate during the vertical

handoff to WLAN for PCP withn = N . Observe that there
was no packet dropping for PCP withn = 1 . From Fig. 10
and Fig. 7 in the numerical results section, we observe that
there is a trade-off between the power consumption and the
data loss in the proposed PCP system with a larger threshold,
n. That is, the PCP system with a larger thresholdn will incur
a lower power consumption at the cost of a greater data loss,
so that the thresholdn should be set to a value smaller than
the RNC buffer size (e.g. 1) if data loss is not tolerated.

V. CONCLUSION

In this paper, we propose a Power-efÞcient Communication
Protocol (PCP) for heterogeneous wireless networks, that
utilizes the paging of cellular networks in order to turn off
the WLAN interface completely during idle time. In other
words, we aim to save the power consumption resulting from
periodic wake-ups during the idle time. The detailed signaling
for the PCP system is presented. Further, our proposed PCP
is designed to avoid repetitive turn-on and off actions which
consume a great amount of power by turning on the WLAN
interface when the number of packets in the buffer at RNC
reaches a certain thresholdn.

Performance results for the proposed PCP system are de-
rived from an analytical model as well as simulations in
terms of power consumption and data loss. The numerical
and simulation results show that the power consumed in a
non-communication state for our PCP system is lower than a
typical WLAN system, whereas the PCP system with a larger
thresholdn will incur a lower power consumption at a cost of
greater data loss.
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(a) Case of PCP with n=N (N=20)
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(b) Case of PCP with n=N (N=25)
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Fig. 10. Average packet drop rate at the RNC buffer for varying mean off
period
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