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Abstract—Future wireless mobile devices will have to support
a variety of heterogeneous access technologies while having a
limited number of transceiver chains. One of the most challenging
tasks remains how to support wireless access in one of the
technologies, while preparing a “smooth transition” to another,
especially to technologies with a lengthy network entry such
as WiMAX. This work proposes an efficient way to organize
a WiMAX network entry process while continuing a communication session with stringent QoS requirements via WLAN.
We advocate the prioritization of the strict WiMAX timing
over the contention-based WLAN channel access. Our results
show the applicability of this approach over a wide range of
mobile WiMAX parameters and identify bounds on the WiMAX
downlink load for which the WiFi communication does not suffer
quality distortions.

I. I NTRODUCTION
The diversity of heterogeneous wireless access technologies
used by individual terminals (e.g., laptops, smart phones,
tablets) has been growing continuously over the past few years.
Bluetooth, WLAN, and some wide area wireless technologies count nowadays as a standard mix for these devices.
An extensive set of technologies would include Bluetooth,
IEEE802.11a/b/g/n, WiMAX, GSM, GPRS, Edge, HSPA,
LTE, and even FM and DVB(-T). This wide deployment
has several implications. On the one hand, users depend
increasingly on the (preferably high speed) connectivity for
everyday activities and express clear dissatisfaction if this
connectivity is not available. On the other hand, the growth
of wireless traffic leads to an increase of interference and to
throughput bottlenecks.
Dynamic decisions about the access technology to be used
(e.g. pushing the users from a cellular network to a WLAN)
seem to be one of the promising approaches for both mitigating interference and overcoming the throughput bottlenecks.
While quite a lot of research is devoted to a proper selection of
the access technologies [1], it is frequently taking for granted
that the switching itself, i.e., an enforced handover from one
technology to another, is somehow easily done.
Switching from one technology to another while supporting
a continuous communication is, however, by far not trivial. The
process of deciding about the availability of another technology, selecting a proper access point, and finally completing the
association procedure can take a significant amount of time.
Thus, it is hardly recommendable to enforce a hard handover,
i.e., breaking the ongoing communication association before

assuring that another, better connectivity is really available.
Realizing a soft handover with service continuity is restricted, however, by the applied communication hardware.
Even if multiple network interface cards (NICs), each supporting one of the technologies, were available, their parallel usage
would be avoided in order to economize energy. In reality
nowadays, there is a strong trend to limit the number of separate NICs within a single device due to space and cost issues.
As a result, multi-standard NICs become a solution of choice.
Such multi-mode radios can support multiple technologies—
but at a given time only access to one wireless technology
over a specific transceiver chain is possible.
This work deals with the problem how to enable a usage of heterogeneous links over such multi-standard NICs
while meeting QoS constraints of an on-going transmission—
including constraints imposed by real-time voice connections.
While following a more general concept, we present in detail a
solution compatible to the family of IEEE 802.11 and 802.16
standards. We identify the fundamental limits of this novel
approach by considering the timing issues for both WLAN
communication and the lengthy WiMAX network entry [2].
The rest of this paper is structured as follows. Section II
summarizes the relevant related work. Section III specifies our
system under consideration and gives the problem formulation,
while our approach together with its analysis for WLAN and
WiMAX is highlighted in Section IV. Next, Section V presents
and discusses results regarding the general feasibility of our
approach. Finally, Section VI concludes our work.
II. R ELATED W ORK
In order to enable heterogeneous wireless access anywhere
and anytime by just a limited number of NICs within a
device, a hybrid approach is common today: multi-mode,
reconfigurable radios are able to do MAC as well as some
PHY (base-band) processing in pure software, but still apply transceiver chains with specific analog parts (amplifier,
filter) that are specifically designed and adopted to their
purposes and frequency bands (e.g. joint WLAN/WiMAX and
2G/UMTS/LTE transceiver chains) [3]. Vendors like Infineon
or Intel [4], [5], for example, have been developing dual-mode
WLAN/WiMAX transceiver chips that have been incorporated
into todays’ mobile devices.
A trivial solution may simply switch the transceiver chain
from one access technology to the other, imposing a hard

vertical handover. Choi et al. [6] propose a more sophisticated
heterogeneous handover scheme, however for multiple NICs,
in which it is possible to have only a single NIC active during
each time instance to account for the limited battery power
and radio resources. The authors utilize the mutual silence
periods of ON/OFF traffic, such as VoIP, for the execution
of handovers. Both, hard vertical handovers as well as Choi’s
scheme, may be promising approaches for technologies with
quick Layer 2 associations, but may suffer in case of handovers
to technologies such as WiMAX, which are known to have
a very lengthy network entry process [2] thus exceeding the
length of mutual silence periods by magnitudes.
Instead, we consider to alternate the ongoing communication in the first radio access technology (RAT) with the link
setup in the second RAT on properly chosen time scales.
The only work addressing simultaneous, QoS-constrained
transmissions and neighbor discovery over the same NIC on
small time scales has been presented in the context of homogeneous WLANs [7]. This approach, denoted as opportunistic
scanning, utilizes IEEE 802.11 Power Save mode (PS) to
shortly pause the on-going communication and scan other
WLAN channels passively with intervals in the area of just
some milliseconds. The theoretical limits for finding another
WLAN cell with a given probability have been presented
in [7], the follow-up work [8] shows the sturdiness of this
approach even with background traffic; a patent application is
pending for this homogeneous WLAN approach [9].
Still, it remains an open point how to realize a similar
approach in a standard-compliant way for neighbor discovery
or even handovers to a second, heterogeneous technology in
which timing constraints and requirements regarding medium
access differ tremendously from 802.11.
III. S YSTEM

AND

P ROBLEM F ORMULATION

As shown in Fig. 1, we consider a user with a portable
device like a notebook which is associated with an IEEE
802.11 WLAN access point (AP) and which is within the
coverage of an IEEE 802.16e base station (BS) additionally.
User’s device is equipped with several multi-mode radios,
whereby WLAN and WiMAX share the same dual-mode
transceiver. This WLAN/WiMAX transceiver chain is able to
switch among the RATs within insignificant time of a single
clock cycle [10].
We focus on traffic from a user with nomadic mobility, i.e.,
he remains stationary during his communication sessions, as it
is expected that more than 80 percent of the mobile data traffic
will appear indoor in office or home scenarios, only [11].
For WLAN, we focus on IEEE 802.11g ERP OFDM with
data rates ranging from 6 to 54 Mbps. For WiMAX, we consider the TDD mode and the parameters of the mobile profiles
specified by the WiMAX Forum [12]. QPSK-1/2 is applied as
Modulation and Coding Scheme (MCS) for DL-/UL-MAP, and
DL/UL channel descriptor (DCD, UCD) messages.
Via the WLAN access cell, the user has an active VoIP communication session (ITU-T’s G.711 voice codec with 20 ms
packetization). Thus, the joint WLAN/WiMAX transceiver is

VoIP connection
WLAN/WiMAX

WLAN AP

Internet
VoIP peer

GSM/UMTS/
HSPA
WiMAX BS
Wireless device
with multi-mode
transceiver chains

Fig. 1.

Network Scenario

blocked, such that no simultaneous access to WiMAX may be
possible. The VoIP call has the usual hard QoS constraints
(maximum packet loss of 1 to 3 percent and a maximum
tolerable one-way end-to-end delay of 150 ms, cf. [13]).
There exist manifold reasons for lost or delayed VoIP
packets. They may stem from the IEEE 802.11 access cell or
the wired part, e.g., a DSL-provider, the Internet side or any
combination of the involved entities. Even the wired part can
significantly contribute to variations in the VoIP QoS. Several
measurements over backbones paths have shown a temporal
diverse behavior between different paths, whereby some of
the paths have even periodic patterns with respect to temporal
higher delays [14].
As a basis of this work, we assume that the end user with
the wireless device perceives some variations in the VoIP QoS
due to jittering delay in the wired part. Although they do not
bring the overall QoS below the acceptable level immediately,
the user has perceived a slight degradation. To circumvent
a potential stronger impairment, a handover is imminent,
although the wireless device itself perceives a good and lowloaded WLAN channel.
For this scenario, we consider a solution that alternates the
ongoing VoIP over WLAN communication with the network
entry process in WiMAX, which is the basis for the establishment of another path to the VoIP peer. In order to allow a
fast setup of the alternative path, the WiMAX network entry
process has to be conducted as quickly as possible. Thereby,
the fundamental question appears how to still support the
VoIP communication over the WLAN path additionally in a
standard-compliant way.
IV. H ETEROGENEOUS O PPORTUNISTIC A PPROACH
A. Principle
Following the spirit of [7], [8], we pause WLAN by means
of the power save mode and switch to WiMAX in the gaps
(Fig. 2). Let us analyze the “quanta” in which the WiMAX
entry process has to proceed. The first step consists of finding
the WiMAX downlink channel and to adapt to the strict
timing of the WiMAX frames afterwards. This is followed
by the steps of obtaining DL/UL parameters, initial ranging,
capability negotiation, authorization and key exchange, and
network registration [2]. Lastly, the establishment of the IP
connectivity and the service flow finally prepares WiMAX for
the VoIP transport.
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In order to allow for a fast setup of the second path via
WiMAX, we have to give strict timing priority to WiMAX in
order to keep the duration of the network entry process small.
Nevertheless, for other applications different from this work,
one may further tradeoff the priority of WiMAX timing and
WLAN channel access. In case of strongly fluctuating WLAN
channels, for example, it may be important to give more
channel access time to WLAN (i.e., prioritize the transport
of VoIP data) and postpone subsequent steps of the WiMAX
network entry process (in the valid range of the IEEE 802.16
standard) instead. Since this work limits us to keep the duration
for the WiMAX network entry process as small as possible, we
prioritize the WiMAX timing, i.e., the Mobile Station (MS) has
to be present during the downlink (DL) part for all WiMAX
frames. In case there is no pending action for the uplink (UL),
MS switches to WLAN and returns back for the start of the
next WiMAX frame.
Beside the neighbor discovery, all further steps of the
network entry process for WiMAX [2] are based on request
(REQ) / response (RSP) two-way handshakes, where MS
issues the REQ and waits for the RSP of the Base Station (BS).
For each of these steps, MS has to spend the complete frame
plus the following DL subframe in WiMAX mode (in order to
send out REQ and potentially receive RSP, if transmitted by
BS immediately in the subsequent DL subframe, Fig. 2 case
a)). If RSP will be sent later in one of the following frames,
it will be received by MS anyway since it always spends the
DL-part of the frame within WiMAX (Fig. 2 case b) .
The timing priority of WiMAX may lead to UL phases,
in which MS cannot switch to WLAN because of pending
actions. In these cases, WLAN access is delayed to the
next WiMAX UL subframe. If a VoIP packet is awaiting a
transmission in WLAN, this imposes a marginal additional
delay of another WiMAX frame but ensures timely network
entry in WiMAX.
B. IEEE 802.16e Timing Issues
The duration of the WiMAX DL subframe limits the available time for VoIP transmissions in WLAN and vice versa.
The analysis takes into account the maximum duration of
communication patterns in each technology, such that MS can
be still present for WiMAX DL subframes and can transmit
VoIP without any quality distortions in WLAN. For this,
we assume as a starting point an idle channel in WLAN
and no other active MS in WiMAX. Later in Sec. V-C we
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consider results for various DL loads in WiMAX, for the load
dependency in WLAN the reader is referred to [8].
1) WiMAX: The duration of the DL part takes its maximum
for the network entry process if DL/-UL-MAP, UCD, DCD
(within DL-burst #1) and (the largest) RSP message (DLburst #2) are transmitted together in one DL subframe. Eq. 1
gives the duration of the DL subframe:
tWiMAX-DL = tsymbol {SFCH, DL-MAP + Spreamble
+SDL-PUSC + SDL-FUSC },

(1)

where the number of symbols SDL-PUSC/FUSC , the number
of occupied slots Nslot , and the symbol duration tsymbol are
specified below:
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Table I summarizes selected parameters and their values
according to IEEE 802.16e OFDMA [15] and the mobile
profiles from the specification of the WiMAX Forum [12].
tsymbol = (1 + G)

C. IEEE 802.11 Timing Issues
The maximum duration of VoIP transmissions in WLAN
occurs, when AP and station (STA) apply the most robust
data rate. Depending on the situation whether packets are
awaiting their transmission in UL as well as DL or in one
of the directions only, the power save (PS) signaling and its
duration changes.
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Fig. 3 shows the worst case, which consists of the wakeup,
the exchange of one VoIP packet in UL and DL, and finally the
sleep signaling. For this, Eq. 2 specifies the maximum active
duration in WLAN:
tWLAN max = tup + tDLdata + tdown ,

(2)

where:
tup = twait + tSIFS + tACK +

tDLdata

(

tVoIP
tNull

pkt in UL,
else,

(
0
=
tDIFS + tVoIP + tSIFS + tACK

no pkt in DL,
else,

tdown = tDIFS + tNull + tSIFS + tACK .
Table II gives the maximum active communication duration
for IEEE 802.11g ERP OFDM (parameters as in [7], [16]), for
the cases of no traffic, a packet in each direction only, and for
both up- and downlink. For the cases with present VoIP traffic,
the highest values for the most robust MCS with 6 Mbps have
been selected as thresholds (highlighted in grey).
V. D ISCUSSION

OF

R ESULTS

A. WiMAX Neighbor Discovery
The first step of the heterogeneous opportunistic approach
tackles the neighbor discovery of a WiMAX network. Hereby,
we shortly derive constraints for the selection of the scanning
interval similar to the work in [7].
On the one hand, the scanning duration will be maximized
in order to speed up the WiMAX discovery process, i.e.,
to minimize the number of required scanning attempts. On
the other hand, we propose to stay below the packet intergeneration time for the considered VoIP traffic, which is
in this case 20 ms, in order to not induce large additional
delays. Moreover, the scan interval must not be equal to one
or to multiples of the WiMAX frame sizes, since then the
periodicity leads to problems in finding the other network.
In [7] it is described that intervals with prime numbers fulfill
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this last requirement. Overall, this leads to an optimal scanning
interval size of 19 ms. With the choice of this interval value,
a WiMAX network in a specific frequency band will be
found in just one scanning interval if the WiMAX frame size
(TWiMAX ) is equal or smaller than 12.5 ms, which is the case
for mobile WiMAX with of 5 ms frames. With TWiMAX of
20 ms, Equation 4 in [7] holds and results in a maximum of
2, 3, and 4 scanning attempts with 5 percent probability each,
while just a single attempt is required in 85 percent of the
cases.
Compared to the task of finding another WLAN AP ([7]),
the number of required scanning attempts for WiMAX is very
low and can be seen as an uncritical part of the network entry
process.
B. Single MS: Feasible Parameter Space for Mobile WiMAX
Once the neighbor discovery has been completed, all further
steps of our approach require the MS to stay for the DL
subframes within the WiMAX cell (cf. Section IV-A).
Now, when the MS stays in WiMAX for the duration of the
DL subframe, a residual duration occurs, which is analyzed
in the following. Since we assume that this residual time span
is used for WLAN communication, tresidual has to be greater
than the WLAN thresholds defined in Section IV-C.
tresidual = Tframe − tWiMAX-DL > TWLANmax

(3)

The residual time values were calculated for all combinations of channel bandwidths and MCSs (for DL-burst #2)
listed in Table I. Fig. 4 shows the results for the case of no
other DL-load in WiMAX: the residual time of the WiMAX
frame stays far above the WLAN thresholds for all parameter
combinations. Thus, our approach is feasible if no other traffic
is present.
C. Multi-MS Case: Load-Dependency
The last part deals with the influence of background traffic
in the WiMAX DL subframe, i.e., BS serves also other MSs.
This further reduces the time span that is utilized to switch to
WLAN. We identify the performance limits for this duration
as a function of present traffic in the WiMAX DL subframe.

forum as well as WLAN such that QoS constraints even of
realtime traffic such as VoIP are not violated.
The results further motivate research regarding the support
of real-time traffic over two RATs via single transceiver
chains, thereby focusing on different reasons for the usage
of alternative paths. In order to handle much different situations (e.g., regarding wireless channel conditions or bursty
background traffic), both in WiMAX and WLAN, we will
consider different policies for the prioritization of the timing
between the two access technologies. For example, it may
be important in other scenarios to give more channel access
time to WLAN (i.e., prioritize the transport of VoIP data)
and postpone subsequent steps of the WiMAX network entry
process (in the valid range of the IEEE 802.16 standard)
instead.
Fig. 5.

Residual time with different levels of WiMAX DL load

TABLE III
M AXIMUM W I MAX DL LOAD ( IN PERCENT OF FRAME SIZE )
tWLANmax
1.806 ms
2.074 ms

2.5
27.8
17.0

4
54.9
48.2

Frame Duration [ms]
5
8
10
12.5
63.9
77.4
81.9
85.6
58.5
74.1
79.3
83.4

R EFERENCES
20
91.0
89.6

We define the maximum WiMAX DL load Lmax as fraction
of Tframe , under which the timing constraints of our solution
still work:
tWLANmax
.
(4)
Lmax = 1 −
Tframe
Table III gives the results for various WiMAX frame sizes
and both WLAN thresholds. If Tframe is far below the VoIP
packetization interval, it is pretty likely that there is only one
packet waiting in UL or DL. In this case, the smaller WLANthreshold applies. For larger Tframe above 10 ms, the second
WLAN threshold is likely.
Overall, for 802.16e OFDMA with 5 ms frames, our solution is applicable if the DL part consumes not more than 63.9
percent of the frame duration (or 3.2 ms).
Fig. 5 finally connects the results with and without other
DL traffic graphically: the upper edge of the inclined plane
represents the case with no other background traffic (and
QPSK-1/2 MCS for all messages). Dependent on the WiMAX
parameter combination, there is still space for other 18.1 percent (3.5 MHz bandwidth) and 39.9 percent (10 MHz) of the
WiMAX frame for the DL load.
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F UTURE R ESEARCH

This paper presented a standard-compliant approach enabling ongoing WLAN communication as well as the WiMAX
network entry using only a single, shared transceiver chain
for both. Thereby, we alternate both technologies on small
time scales. The evaluation of the novel scheme highlighted
the timing constraints for WLAN and WiMAX. Our results
identify the limits for different mobile profiles of the WiMAX
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