






















































































































































































































































CHAPTER 5. TRANSIENT BANDWIDTH RESERVATION 
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Figure 5.13: The Effect of Smfh (in dBm) on the Likelihood of Having a Candidate­
Constrained Case (a) and the Average Free Call Capacity at the BAP After Running the 
MFH Procedure (b). 

total reservation demand can be higher than the per VHO reservation if VHO events 

overlap. 

According to Figure 5.13(a), as Smfh becomes larger and the MFH region is re­

duced, the probability of becoming candidate-constrained for a certain value of Gvho 

quickly increases. For instance, when half of the bandwidth is to be reserved per 

VHO, going from Smfh = -67dBm to -70dBm will cause Pcvc to decline from 60% 

to 0.3%. The optimal value for Smfh depends on the desired target VHO capacity­

dropping. For example, if 23 of the VHO calls use the lowest bitrate of lMbps and 

they need roughly 353 of the BAP bandwidth to successfully finish at that bitrate, 

then to achieve a target capacity-dropping of, 0.1 %, Smfh should be chosen such that 

23 x Pcvc < 0.13. According to Figure 5.13(a) , this will require Smfh to be about 

-68dBm. 

Intuitively, one should make sure that the amount of reservation needed to take 
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care of the worst-case capacity-dropping is not significantly affected by the candidate­

constrained cases and the target capacity-dropping is achievable. This ensures that 

the MFH region will be large enough so that sufficient calls are forced out to adjacent 

APs and there will be room at the BAP for securing the reservation. Figure 5.13(b) 

shows the analytical average free call-capacity at the BAP after applying the MFH 

procedure for different values of Smfh, versus the reservation demand. A thick straight 

line denoted by Demand shows the bandwidth reservation demand in number of calls. 

If the MFH procedure is able to provide the BAP with at least Demand call capacity, 

then the VHO call will finish without being dropped. 

According to Figure 5.13(b) and for the range of Smfh shown, as long as the 

total bandwidth demand from all concurrent VHO calls is less than 403, there will 

be enough free capacity at the BAP on average and VHO calls will not be dropped. 

However, for Gvho > 403 the average free bandwidth at the BAP will start to saturate 

at lower values of bandwidth reservation demand. For instance, when Smfh changes 

between -67 dBm and -7 4dBm, the average free capacity at the BAP will saturate 

somewhere between 26 and 51 calls, respectively. 

Once the average free bandwidth saturates, there is no point in further increasing 

Gvho· An effective rule of thumb for determining Smfh is that the free bandwidth 

at the BAP should not be below the demand. The bandwidth demand is in turn 

determined by the probability of overlapping VHOs, the minimum bitrate that they 

experience, and the amount of bandwidth requirement at that bitrate. 

Controlling the value of Smfh in a deployment is important since setting it too 

low will cause calls with lower bitrates to be associated to the adjacent APs when 

they have a much higher bitrate at the BAP. This means that more bandwidth is 

been taken away from the adjacent AP than is been freed from the BAP. Also it is 

better not to allow calls that are deep inside the BAP coverage area to associate to 

the adjacent APs for interference reasons. Therefore it is important to choose the 

proper value for Smfh· 

Many deployments do not have the same AP layout and propagation exponent 

that is used in this model, therefore, Smfh cannot be used as a reliable control pa­

rameter for every situation. For example, if the BAP is only adjacent to one other 
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Figure 5.14: Probability That a Given Call Associated With the BAP is a Valid MFH 
Candidate for Different Values of Smfh· 

AP then the MFH region will be smaller. The major parameter which affects Pcvc 

is the probability that a given call associated to the BAP is a valid MFH-call. This 

probability is denoted by, Pean, and is plotted for the aforementioned deployment 

scenario versus Smfh in Figure 5.14. Note that this is a strong function of Smfh and 

is also related to the structure of the deployment. 

5. 7 Effect of Wireless Propagation Parameters 

The propagation parameters affect vertical handoff performance in two different ways. 

Firstly, outdoor propagation parameters determine the likelihood of losing the WLAN 

link during a VHO. Larger path loss exponents and more shadowing result in a higher 

chance of a VHO call being dropped due to losing its link. In the same way, outdoor 

propagation parameters also influence the probability of a VHO call experiencing 

different bitrates. This in turn affects the bandwidth requirement of a VHO call, 



CHAPTER 5. TRANSIENT BANDWIDTH RESERVATION 111 

Table 5.1: 6Mbps WLAN Deployment Parameters 
Parameter Value Description 

Smin -80dBm Minimum RSSI across the WLAN deployment 
Stp -85dBm VHO triggering threshold 

Rmin 6Mbps WLAN clipping rate 
nin 3.0 Indoor path loss exponent 
<Jin 5.0dB Indoor lognormal shadowing std. dev. 
nout 3.5 Outdoor path loss exponent 
<Jin 5.0dB Outdoor lognormal shadowing std. dev. 

1 /Anew 2080sec Average time between call requests for a user 

which translates directly into VHO capacity-dropping. Consequently, the higher the 

link-dropping rate, the higher will be the chance of VHO capacity deficit. This was 

previously concluded in Section 5.3. 

Propagation parameters can also affect VHO capacity-dropping by influencing the 

range of an AP and hence its load. As mentioned earlier in Section 5.4, a higher load 

on the WLAN access points leads to more bandwidth deficit for vertical handoffs. For 

the capacity-dropping to be high, the load of an AP should be such that a significant 

fraction of the VHO calls experience a bandwidth deficit. 

In this section, a different deployment with larger propagation parameters has 

been considered which results in less AP coverage area for a given minimum bit 

rate and higher link-dropping probability. Table 5.1 lists those parameters that have 

been modified from Table 4.2. The deployment parameters are tuned such that a 

bitrate of at least 6Mbps is experienced by all users. The new call arrival rate is 

also adjusted such that a typical 1 % new call blocking is achieved. This results in 

the same deployment area as before, however, the minimum RSSI at the deployment 

boundaries is now much lower and equal to -80dBm. A vertical handoff is triggered 

at -85dBm which is 5dB below the edge of the coverage area making the possibility 

of false VHO triggering slim (0.1%). 

Figure 5.15(a) plots new call blocking and VHO dropping for this deployment un­

der the static reservation scheme. As expected, capacity-dropping for this deployment 
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is much higher than the previous one evaluated in Figure 4.2. For example, when no 

reservation is employed, capacity-dropping for the current deployment is 103 com­

pared to 1.63 for the previous one. An almost negligible VHO capacity-dropping of 

0.023 is achieved when half of the BAP bandwidth is statically reserved. Note that 

for the previous deployment it was possible to reach almost zero capacity-dropping at 

Gvho = 0.35. This is due to the larger propagation path loss exponents which cause 

a VHO call to spend more time using very low bitrates. 

Larger path loss also means higher values of VHO link-dropping rate, which as 

shown clearly in Figure 5.15(a) amounts to 1.43. This is much higher than the 0.13 

link-dropping for the previous deployment. Consequently, in such a deployment one 

would experience a higher total dropping rate, which is dominated by link-dropping 

as VHO capacity-dropping improves. In fact, a minimum total VHO dropping of 

1.43 is achieved at Gvho = 0.35. Although it is not possible to reduce VHO dropping 

any further, this is still a significant reduction from 103. 

An important difference between the current deployment and the one discussed 

in Chapter 5 is that for small fractions of bandwidth reservation in the previous 

deployment, it is possible to largely reduce VHO capacity-dropping. This is due to 

many VHO calls not shifting down to very low bitrates. For example, a 53 static 

bandwidth reservation resulted in a reduction of VHO capacity-dropping from 1.63 

to 0. 73, according to Figure 4.2. In contrast, for the current deployment evaluated 

in Figure 5.15, the same 53 static reservation would result in almost no change in 

VHO capacity-dropping. In fact, a reasonable decline does not occur until 253 of the 

BAP's bandwidth is reserved. This is due to many VHO calls using very low bitrates 

in the latter deployment. 

Another issue arising with low bit rate deployments is the possibility of or~inary 

calls not finding enough bandwidth to shift down to lower bitrates while they are 

still within the designated coverage area of the WLAN. For example, according to 

Table 4.1 , going from a bitrate of 54Mbps to 6Mbps requires an additional 33 free 

bandwidth at the AP supporting such a call. However, such low bitrates, although 

allowed to exist in a deployment are relatively rare. More importantly, there will also 

be calls which will increase their bitrate as a result of improvements in their RSSI. 
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Figure 5.15: Influence of Static (a) and Transient (b) Bandwidth Reservation Schemes 
When Different Deployment and Wireless Propagation Parameters are Used. 

This deficiency has been considered for the current deployment and it was found 

that 0.133 of the ordinary calls are forced to terminate due to a lack of bandwidth to 

accommodate for their bitrate changes. This is a relatively large amount compared to 

the 0.3% new call blocking rate (i.e., no scheme) shown in Figure 5.15(a). Therefore, 

it is best to statically reserve a fraction of the bandwidth in every AP (not just the 

BAP), to accommodate these calls. Extensive simulations for various scenarios and 

deployments show that for reasonable deployments a small amount of reservation is 

enough. Hence 53 of the bandwidth will be reserved for this purpose. Furthermore, 

this and any additional bandwidth reserved upon VHO triggering is shared by both 

new calls which are shifting to lower bitrates and VHO calls. The constant 53 

reservation reduces new call dropping due to bitrate down-shifting to 0.0053; this is 

considerably less than the new call blocking rate. In addition, the new call blocking 

within the WLAN is now almost 1% according to Figure 5.15(a) , which is a typical 

value. 

The performance of the TR-MFH scheme under the current deployment scenario 
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is also evaluated in Figure 5.15(b) where a fixed 5% reservation is implicitly made in 

addition to the transient reservation, and the total reservation amount is again shared 

between bitrate down-shifting calls and VHO calls. Therefore, Gvho = 0.10 actually 

corresponds to 15% bandwidth reservation. By employing the TR-MFH approach 

it is possible to reduce VHO total dropping from 10% to 1.4%. New call blocking, 

however, rises to just below 4% which is significantly lower than the 30% blocking 

rate of SR for the same total capacity-dropping. In addition, the effect of the MFH 

procedure on adjacent AP new call blocking is plotted in Figure 5.15(b) as the line 

with no markers, which shows that a 30% transient reservation required to reduce 

total VHO dropping to 1.4% changed adjacent AP new call blocking from 0. 70% to 

almost 0.95%. Hence, it is concluded that the TR-MFH approach outperforms SR 

and is a suitable option for tackling the VHO bandwidth deficit problem in WLANs. 

5.8 Effect of Call Bitrate 

Until now only VoIP calls using the common G.711 codec have been considered. In 

this section, the effect of changing the codec will be studied. To make fair comparisons 

the call arrival rate to the system will be tuned such that all scenarios result in the 

same new call blocking rate for the APs. The results for using various codecs will be 

given based on the analytical models derived in Chapters 4 and 5 for the static and 

transient reservation schemes. 

The bandwidth deficit problem for IEEE 802.11 WLANs is aggravated due to the 

following reasons: 

1. For each voice packet, the overhead for MAC, IP, UDP and RTP headers is large 

compared to the payload size. This results in a relatively larger bandwidth per 

call than what it needs to be at any given bit rate. 

2. The physical layer (PHY) overhead associated with IEEE 802.11 is large and 

is always transmitted at the lowest PHY rate. This introduces a fixed and 

large bandwidth penalty to every packet transmission. Moreover, the ratio of 

the bandwidth penalty to payload increases as a call goes to higher bit rates, 
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spending less time transmitting the headers and payload while the PHY over­

head still takes the same amount of time to transmit . 
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Figure 5.16: Fraction of an IEEE 802.llg AP Bandwidth Consumed by One Call as a 
Function of Its Bitrate for Some Well-Known Voice Codecs. 

The combination of these two effects causes the huge bandwidth requirement 

of low bitrate calls as well as capacity saturation as bitrate is increased. Figure 

5.16 shows the amount of normalized bandwidth used by a single voice call when 

using some example codecs versus the call bitrate for an IEEE 802.llg access point . 

The bandwidth calculations are performed by adopting the analytical method for 

calculating IEEE 802.llb voice capacity presented in [PA04]. There are two key 

features of the curves shown in Figure 5.16 which affect the capacity deficit problem. 

The first and most obvious is the amount of bandwidth required for operating at 
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the lowest bitrate2 . This dictates how much bandwidth reservation is required to 

reduce capacity-dropping. The other feature is the ratio of bandwidth at the lowest 

bit rate to nominal bandwidth used by a call. Without loss of generality it can be 

assumed that this is the ratio of bandwidth at the lowest bit rate to the bandwidth 

consumed at the maximum bitrate. Intuitively, this ratio represents the maximum 

weight of a VHO call compared to that of an ordinary call. This affects the value of 

capacity-dropping compared to new call blocking when no reservation is made. 

-<>-- New Call Blocking STAT 

--e- New Call Blocl<ing STAT 
-<>-- New Call Blocking TRAN 
- VHO Capacity Dropping STAT 
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Figure 5.17: Performance Comparison of SR and TR-MFH Schemes for Different Voice 
Codecs: (a) G.711 With Header Compression and (b) G.723.1. 

Figure 5.17 illustrates capacity-dropping versus the amount of bandwidth reserva­

tion for SR and TR-MFH when different codecs are used. The performance of G.711 

with header compression (which reduces header size from 40 bytes to one), G.723.1 

which is a low bitrate codec, and the original G.711 (Figure 5.18) are compared. It 

can be observed that G.711 requires the most reservation in both static and transient 

cases (slightly more than 303) to achieve zero capacity-dropping. G.711 with header 

2Note that here it is implicitly assume that some number of VHO calls will use the minimum 
bitrate. Otherwise the next lowest bitrate should be considered. 
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compression requires slightly larger than 20%, and G.723.1 requires more than 5% 

reservation to achieve the same capacity-dropping. This can be explained by noting 

that the bandwidth used by a G.711 lMbps call is 0.33 compared to 0.25 and 0.1 for 

G.711 with header compression and G.723.1 , respectively. 

The actual value of capacity-dropping when no bandwidth reservation is performed 

is 2% for G.711, which is larger than that for G.711 with header compression, i.e. , 1.7% 

and G.723.1 , i.e., 1.3%. This can be explained noting that for G.711 the bandwidth 

consumption ratio of a lMbps call compared to a 54Mbps call is equal to 18.3. This 

is larger than both the ratios for header compressed G.711 and G.723.1 codecs, which 

are 14.25 and 9.4, respectively. 

As more efficient WLAN physical layer standards emerge, it is expected that less 

bandwidth will be needed by low bitrate calls. This also means that due to the small 

PHY layer overhead, the capacity will increase much sharper for higher bitrates which 

makes the ratio of low bitrate to high bitrate bandwidth consumption increase. This 

may result in a marginal increase in capacity-dropping. However, having more efficient 



CHAPTER 5. TRANSIENT BANDWIDTH RESERVATION 118 

PHY layers, the APs are now able to support more calls and they could reach a point 

where the AP load for a reasonable range of new call arrival rate is small enough 

to eliminate capacity deficit as mentioned earlier in Section 5.4. Nevertheless the 

capacity deficit problem in general can apply to a WLAN deployment supporting any 

real-time application and is not limited to voice. 



Chapter 6 

Conclusion 

This thesis has focused on the performance of a vertical handoff in loosely coupled 

architectures. The anchor-node based soft vertical handoff approach was adopted to 

provide lossless handoff from the WLAN to the cellular network. Loosely coupled 

architectures exhibit large VHO latencies, which in conjunction with the uncertain 

WLAN coverage at its boundaries can lead to loss of the WLAN link for the vertical 

handoff call. This can potentially render the soft handoff scheme useless. 

The Vertical Handoff Support Node (VHSN) was proposed which reduces and po­

tentially eliminates vertical handoff link loss. The VHSN is an entity which connects 

to both the WLAN infrastructure through a LAN connection and to the local cellu­

lar base station as a simple client node. When a WLAN link loss occurs, it quickly 

redirects the mobile station's connection through the cellular base station, while at 

the same time the MS is completing the soft VHO procedure and is establishing the 

cellular leg of the call. The VHSN approach allows for the independent operation of 

the WLAN and cellular networks and requires minimal changes to both. It poten­

tially eliminates packet loss and the outage which results from a VHO. The approach 

is shown to be scalable in terms of the WLAN size that it can accommodate. The 

VHSN approach requires the addition of a node to the WLAN as well as requiring 

the cellular network to create a fast local redirection path. 

Another issue that results in VHO dropping is the WLAN capacity deficit problem. 

More specifically, when a VHO call operates at a low bitrate (e.g. , 1-2 Mbps), the 

119 
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boundary AP serving the call may experience a bandwidth shortage, which leads to 

the VHO call being dropped. This is called capacity-dropping, in contrast to link­

dropping. 

Two solutions were proposed for the WLAN capacity deficit problem. The first 

is an adaptation of the well-known guard channel scheme used in cellular networks. 

This is referred to as the static reservation approach (SR), which reserves a fixed 

amount of bandwidth at the boundary AP in support of VHO calls. It is shown that 

this scheme eliminates VHO capacity-dropping, however, it significantly increases the 

new call blocking and horizontal handoff dropping rates at the WLAN boundary AP. 

The second proposed solution is an efficient transient bandwidth reservation algo­

rithm which reserves bandwidth at the boundary AP only when a VHO is triggered. 

The transient bandwidth reservation scheme was then augmented with a bandwidth 

securing mechanism when enough free bandwidth is not available at the boundary 

AP. This is performed by momentarily forcing ordinary calls within the boundary 

AP to horizontally handoff to one of the adjacent APs, until the VHO procedure is 

finished. This scheme is called Transient Reservation with Momentary Forced Hori­

zontal handoff, TR-MFH. 

Extensive simulations and analysis showed the superiority of TR-MFH to SR 

and that the new call blocking and HHO dropping rates are only slightly increased. 

Moreover, TR-MFH is able to achieve almost the same amount of improvement as SR 

in terms of VHO capacity-dropping. The effect of several different parameters was also 

considered such as, VHO latency, AP load, VHO arrival rate, wireless propagation 

parameters and different flow bitrates and codecs. The effect of adjacent AP coverage 

overlap on the performance of this approach was also studied. In addition, it was 

shown than for reasonably low VHO arrival rates the blocking rate for the TR-MFH 

scheme is always less than that for the SR approach. 

This work can be extended in several ways. An interesting problem would be to 

investigate WLAN deployment techniques which reduce VHO link and capacity drop­

ping. Such techniques could be based on providing a VHO call with graceful signal 

strength degradation as it moves away from the WLAN. In addition, the capacity­

deficit problem can be taken into consideration by deploying enough APs at certain 
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locations. A direct extension of this work would be to consider outdoor WLAN de­

ployments such as wireless mesh networks where the AP ranges are larger and users 

are more likely to experience low bitrates as they move out of coverage. Such net­

works have a potentially higher VHO rate and many APs may be boundary APs. 

This can impose a significant burden on the adjacent APs. Also the effect of WLAN 

capacity deficit on real-time applications such as video could be considered and the 

effectiveness of the TR-MFH scheme can be investigated for such cases. 
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