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Summary 
IEEE 802.16j is an amendment to the IEEE 802.16 broadband 
wireless access standard to enable the operation of multi-hop 
relay stations (RS). It aims to enhance the coverage, per user 
throughput and system capacity of IEEE 802.16e. There are three 
handover techniques supported within the IEEE 802.16e and 
IEEE 802.16j – Hard Handover (HHO), Fast Base Station 
Switching (FBSS) and Macro Diversity Handover (MDHO). This 
paper presents evaluations and comparisons over the 
performance of these handover techniques. The effect of the 
mobile station speed on the handover techniques’ performance is 
also studied. The performance metric is the overall average 
downlink spectral efficiency which depends on the downlink 
carrier to interference and noise ratio (CINR). Results show that 
MDHO outperforms FBSS and HHO. Furthermore, as the MS 
speed increases, the FBSS is slightly better than HHO. 
Key words: 
Handover, Spectral Efficiency, Multi-hop relay, IEEE 802.16e, 
IEEE 802.16j.   

1. Introduction 

Future mobile wireless communication system is 
envisioned to provide very high data rates and spectral 
efficiency in addition to ubiquitous coverage that do not 
appear to be feasible with the existing cellular architecture. 
The achievable Carrier to Interference and Noise Ratio 
(CINR) decreases with an increasing link distance. 
Shadowing and non line-of-sight (NLOS) communications 
further reduce the received signal quality. Relay 
technology is a well-accepted economical approach to 
significantly enhance the link quality leading to throughput 
enhancement and coverage extension [1] [2] [3]. 
 Handover is needed in multi-hop relay systems to 
support mobility. The main target of handover is to provide 
the continuous connection when a MS migrates from the 
air-interface of one BS to another air-interface provided by 
another BS. The trigger parameters were maintained from 
previous system because handover is determined by large 
scale fading [4]. There are three handover methods 
supported within the IEEE 802.16e and IEEE 802.16j – 
Hard Handover (HHO), Fast Base Station Switching 
(FBSS) and Macro Diversity Handover (MDHO). Of these, 
the HHO is mandatory while FBSS and MDHO are two 
optional modes. The WiMAX Forum has developed 

several techniques for optimizing hard handover within the 
framework of the IEEE 802.16e standard. These 
improvements have been developed with the goal of 
keeping layer 2 handover delays below 50ms [5].  
 A large number of cells exist in multi-hop systems 
including RSs compared with single-hop systems, 
consequently, handovers frequently occur, and overhead of 
handovers becomes extremely high. To reduce handover 
overhead, fast handover algorithm is introduced in [6] 
based on IEEE 802.16e system.  
 In multi-hop cellular systems, cell overlapping is 
common due to the existence of a large number of cells. 
Therefore, when the MS moves out from serving cell, there 
exists more than one candidate target BSs. CINR is a major 
metric of HO target selection in IEEE 802.16e systems. 
Both intra-cell and inter-cell handovers occur in multi-hop 
systems. The intra-cell handover has never been mentioned 
in single-hop systems. In [7], a novel handover method that 
reduces inter-cell HO but increases intra-cell HO has been 
proposed. The aim was to reduce the HO signaling 
overhead and latency caused by inter-cell HO compared to 
intra-cell HO.  
 Since the wireless terminal cannot transmit and receive 
simultaneously at the same time and frequency, relaying 
requires at least two phases. In the first phase, 
source-to-relay communication takes place while in the 
second phase the relay forwards the received information to 
the destination [14]. It is assumed that the relays use 
Decode-and-forward (DF) forwarding scheme where they 
demodulate, decode, re-encode and forward the signals 
received from the source terminal during the first phase. 
Downlink and uplink channels are perfectly separated by 
Time Division Duplex (TDD). According to the design of 
the multi-hop enabled MAC frame, transmissions on the 
first and the second hop are assumed to be perfectly 
separated in time [8]. Perfect time and frequency 
synchronizations are also assumed. 
 This paper is organized as follows. The next section 
gives a brief description of the handover techniques of 
IEEE 802.16e. Section 3 describes the system model. 
Simulation results and discussion are presented in section 
4, which is followed by our conclusions in section 5.  
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2. Handover Types  

2.1 Hard Handover (HHO) 

During HHO, the MS communicates with only one BS in 
each time. Connection with the old BS is broken before the 
connection to a new BS is established. Handover is 
executed after the signal strength from a neighbor cell 
exceeds the signal strength from the current cell. This type 
of handover is less complex, fairly simple but it has high 
latency. Higher latency causes the unsuitability for 
services requiring low latency (such as VOIP). HHO is 
typically used for data services. 

2.2 Macro Diversity Handover (MDHO) 

When MDHO is supported, the MS and BS maintain a list 
of BSs that are involved in MDHO with the MS. This set 
is called an Active Set or Diversity Set. MS communicates 
with all BSs in the Active Set as shown in Fig. 1a. For 
downlink MDHO, two or more BSs transmit data to MS 
such that diversity combining can be performed at the MS. 
For uplink MDHO, MS transmission is received by 
multiple BSs where selection diversity of the information 
received is performed. The BS, noted as “Neighbor BS”, 
can receive communication which is among MS and 
Diversity Set BSs, but the signal strength is not sufficient 
to be added to the Diversity Set. The neighbor BSs are also 
called monitored set. The downlink CINR gain caused by 
MDHO compared to HHO is defined as MDHO gain.  
 

 

Fig. 1a  Macro Diversity Handover [13] 

 There are some drawbacks with the use of two 
connections, system overhead will increase and the MS 
will use more network resources. MDHO is more complex 
than HHO but it is more stable and gives better 
performance and smoother transition. This kind of 

handover is common in UMTS [9] systems and will also 
be applied in IEEE 802.16e [10].   

2.3 Fast Base Station Switching (FBSS) 

For MS and BS that support FBSS, the Active Set is 
maintained by the MS and BS similarly as in MDHO. The 
MS continuously monitors the base stations in the Active 
Set and defines an “Anchor BS”. The Anchor BS is the 
only BS of the Diversity Set that MS communicates with 
for all uplink and downlink messages including 
management and traffic connections as shown in Fig. 1b.  
The Anchor BS can be changed from frame to frame 
depending on BS selection scheme. This means that every 
frame can be sent via different BS in the Diversity Set. 
Transition from one Anchor BS to another (i.e. BS 
switching) is performed without invocation of explicit HO 
signaling messages. 
 

 

Fig. 1b  Fast Base Station Switching [13] 

3. Simulation Model  

3.1 System Model  

Performance evaluation has been carried out using a 
simulation tool written in MATLAB. We consider IEEE 
802.16j TDD-OFDMA based two-hop cellular wireless 
relay network, which consists of 7 hexagonal cells. There 
exists one base station (BS) and six fixed relay stations 
(FRSs) in each cell. The BS is at the centre of the cell. 
Each FRS is located on the line that connects the BS to 
one of the six cell vertices at a 1/2 position between BS 
and cell boundary. The mobile stations (MS) are generated 
randomly in a uniform distribution in the coverage area of 
the centre cell. The transmit power from the BS is fixed as 
43 dBm. Since the relay terminals are simpler than a BS 
and transmit at lower power, we assume that the transmit 



IJCSNS International Journal of Computer Science and Network Security, VOL.8 No.5, May 2008 
 

 

124 

power from each RS is fixed as 33 dBm. The simulated 
topology is shown in Fig. 2.  
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Fig. 2  The simulated topology 

 We consider downlink transmission in which the 
source is a BS and the destination is an MS. The mobile 
WiMAX system profile defined by WiMAX Forum is used 
as a reference [5] [11]. The system parameters are listed in 
Table 1.  

Table 1: Simulation Parameters 
Parameter Value 
Cell layout 7 hexagonal cells 
Cell radius 1400 m 

Number of RS (per cell) 6 
Duplex mode TDD 

Carrier frequency 2.5 GHz 
Channel bandwidth 10 MHz 

Sub-channel bandwidth 262.5 kHz 
Frame duration 5 ms 

FFT size 1024 
Antenna height BS: 32m, RS: 15m, MS: 1.5m 
Antenna gain BS: 14dB, RS: 12dB, 

MS: 0dB 
Antenna type Omni-directional 

Antenna number 1x1 
Inter-site distance BS-BS: 2.8km 
HHO threshold 6 dB 

MDHO threshold 3 dB 
Active Set size 2 

Lognormal shadowing 8.2 dB 
Noise figure BS/RS: 4dB, MS: 7 dB 
Fast fading Jakes spectrum 

  
 We use a flat fading channel model for BS-to-MS and 
RS-to-MS links with an rms delay spread of 0.231µs [16]. 
The Jakes fading model is used for simulating the flat 
fading channel. A sub-carrier spacing of 10.94 kHz is 
assumed. This corresponds to a 90% coherence bandwidth 

of 8 sub-carriers in the BS-to-MS and RS-to-MS links [17]. 
One sub-channel is comprised of 8 consecutive data 
sub-carriers over 3 OFDMA symbols. Based on these 
system parameters, we assume a fading channel which 
remains constant within a given sub-channel in a frame. A 
total of 60 sub-channels and hence 60 users have been 
simulated. Each user has been allocated one sub-channel. 
 We use adaptive modulation and coding (AMC) for 
each sub-channel and for each frame. The modulation 
modes that are considered in this paper are: BPSK, QPSK, 
16-QAM and 64-QAM. The forward error correction 
(FEC) is considered in the form of convolutional coding 
with the following coding rates: 1/2, 2/3, 3/4 and 1 
(no-coding). Each combination of the modulation and 
coding modes gives one AMC mode. Since AMC is used, 
we keep the transmit power from the RSs and the BSs 
constant. The spectral efficiency and received CINR are 
the most important performance evaluation metrics for a 
cellular system. The spectral efficiency and the required 
CINR of the supported modulation and coding schemes 
(MCS) in mobile WiMAX are shown in Table 2. 

Table 2: Modulation and coding schemes (MCS) 

No. Modulation Coding Required 
CINR (dB) 

Spectral 
Efficiency

MCS1 BPSK 1 6.4 1 
MCS2 QPSK 1/2 9.4 1 
MCS3 QPSK 3/4 11.2 1.5 
MCS4 16-QAM 1/2 16.4 2 
MCS5 16-QAM 3/4 18.2 3 
MCS6 64-QAM 2/3 22.7 4 
MCS7 64-QAM 3/4 24.4 4.5 

 
 The fixed frequency assignment scheme is adopted. 
The system bandwidth F is divided into three sub-bands 
equally denoted by F= {F1, F2, F3} and F1=F2=F3. Each 
sub-band is allocated for one relay station and reused once 
in the same cell. The full load frequency reuse of one is 
maintained for the centre users. 
 The MDHO and FBSS algorithm is implemented as 
described in 3GPP TR 25.922 [12]. It is comprised of the 
following conditions: 
 

(i) If (best_monitored_CINR > strongest_AS_CINR 
+ MDHO_thr) for a period t (t = time to trigger) 
and the Active Set is not full, the best monitored 
cell is added to the Active Set. This event is 
called Link Addition. 

(ii) If (weakest_AS_CINR < strongest_AS_CINR + 
MDHO_thr) for a period t, then the weakest cell 
is removed from the Active Set. This event is 
called Link Removal. 

(iii) If (best_monitored_CINR > weakest_AS_CINR + 
Rep_thr) for a period t and the Active Set is full, 
then the weakest cell is replaced by the best 
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monitored cell. This event is called Combined 
Radio Link Addition and Removal. 

where best_monitored_CINR is the strongest measured cell 
in the monitored set, strongest_AS_CINR is the strongest 
measured cell in the Active Set, weakest_AS_CINR is the 
weakest measured cell in the Active Set, MDHO_thr is the 
MDHO threshold, Rep_thr is the replacement threshold 
and t is a short delay between the time when the handover 
conditions are met and the time when the handover 
initialization is started. 
 At the beginning of the simulation, MSs are generated 
randomly in a uniform distribution in the coverage area of 
the centre cell. During the simulation, the MS moves along 
a direction randomly selected in each frame and 
communicates with an RS and/or BS based on the received 
signal quality and the handover technique employed. The 
modulation and coding scheme is adjusted on a 
frame-by-frame basis according to the signal quality. For 
each frame, the performance metrics are recorded, and at 
the end of simulation, the average DL CINR and spectral 
efficiency are calculated by dividing the recorded values 
by the overall simulation time.  

3.2 Propagation Model 

We assume the relay links between the BS and the FRSs 
are reliable and in line-of-sight (LOS), while the access 
links between BS and MS and between RS and MS are in 
NLOS. The LOS assumption can be practically realized by 
placing FRSs at a carefully selected location, such as on 
the roof of a building. The free space path loss model is 
considered for the relay link. For the access NLOS links, 
the modified IEEE 802.16 terrain type C path loss model is 
considered [15] [18]. In particular, we assume that the path 
loss between transmitter and receiver is of the form: 
 
PL = A + 10γ log10 (d / d0) + ΔPLf + ΔPLh        (1) 
 
where d0=100m and d>d0 is the distance between the 
transmitter and the receiver, A=20*log10 (4πd0 /λ), γ is the 
path loss exponent, ΔPLf is the correction factor for 
frequency, ΔPLh is the correction factor for receive 
antenna height, and λ is the wavelength in m.  
 In our simulation we use independent lognormal 
random variables with zero mean and a standard deviation 
of 8.2 dB to model the shadowing. The shadowing is 
assumed to be spatially uncorrelated.  
 Since we assume that the relay link is reliable and can 
support the highest rate AMC mode with negligible 
decoding errors, we choose the AMC mode and calculate 
the spectral efficiency for a given sub-channel based on 
the access link DL CINR. 
 
 

3.3 Interference Consideration 

Only the co-channel interference is taken into account in 
the evaluation. It is assumed that the system is fully loaded. 
The DL received CINR at MS is calculated by: 
 

CINRi = 

∑
≠=

+
N

ijj
ij

i

NP

P

,1

                        (2) 

 
where Pi is the received signal strength from BS/RS i at 
MS, Pj is the received interfering signal strength from 
MS/RS j at MS, and Ni is the MS receiver noise. N is the 
maximum number of interfering BS/RS; max{N}=6 
interfering BSs and max{N}=13 interfering RSs. 

4. Results and Discussion 

Fig. 3 illustrates the cumulative distribution function 
(CDF) of the overall average DL CINR for the three 
handover techniques at MS speed of 3 km/hr. From       
Fig. 3, we can see that the performance of the MDHO is 
the best because the user in MDHO can benefit from the 
maximal ratio combining performed at the MS. In addition, 
the FBSS and HHO handover techniques show nearly 
identical performance. It is obvious that the median DL 
CINR for a MDHO is 32.75 dB while the median DL 
CINR is 28.71 dB for both the FBSS and HHO.  
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Fig. 3  CDF of average DL CINR 

Fig. 4 shows the CDF of the overall average DL spectral 
efficiency at MS speed of 3 km/hr. It can be seen from Fig. 
4 that the MDHO has higher spectral efficiency than FBSS 
and HHO. Furthermore, the FBSS and HHO have similar 
spectral efficiency. The median DL spectral efficiency for 
MDHO is 4.1 bps/Hz while the median DL spectral 
efficiency is 3.81 bps/Hz for FBSS and 3.80 bps/Hz for 
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HHO. In other words, 50% of the overall average DL 
spectral efficiency is 4.1 bps/Hz in case of using MDHO 
whereas 50% of the overall average DL spectral efficiency 
is about 3.81 bps/Hz when using FBSS and 3.80 bps/Hz 
when using HHO. 
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Fig. 4   CDF of average DL spectral efficiency 

Fig. 5 presents the overall average DL CINR versus the 
MS speed for the MDHO, FBSS, and HHO handover 
techniques. The considered MS speeds are 3, 30, 60, 120 
km/hr. As shown in Fig. 5, the MDHO has better 
performance than FBSS and HHO for the different MS 
speeds. As the MS speed increases, the DL CINR is 
decreased for the three handover techniques. At low MS 
speed, i.e. 3 km/hr, the FBSS and HHO techniques shows 
nearly identical performance while at higher MS speeds 
the FBSS shows a bit performance increment compared 
with HHO.  For the MS speeds of 3, 30, 60 and 120 
km/hr the differences between MDHO and HHO are 4.16, 
2.46, 2.14 and 1.84 dB respectively. Likewise, the 
differences between FBSS and HHO are 0.01, 0.18, 0.2 
and 0.22 dB respectively. 
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Fig. 5  Average DL CINR vs. MS speed 

The effect of the MS speed on the overall average DL 
spectral efficiency is illustrated in the results of Fig. 6. 
From this figure, we can find that the spectral efficiency 
for the three handover techniques decreases as the MS 
speed increases. MDHO has higher spectral efficiency 
than FBSS and HHO for the considered MS speeds. Thus, 
the users in MDHO can receive with a higher spectral 
efficiency modulation and coding scheme compared to the 
users used FBSS or HHO. However, as the MS speed 
increases, FBSS shows a small performance increment 
compared to HHO. For the MS speeds of 3, 30, 60 and 120 
km/hr the differences between MDHO and HHO are 0.29, 
0.21, 0.17 and 0.15 bps/Hz respectively. Similarly, the 
differences between FBSS and HHO are 0.01, 0.04, 0.04 
and 0.04 bps/Hz respectively. 
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Fig. 6  Average spectral efficiency vs. MS speed 

The results of Fig. 5 and 6 could be explained by noting 
that since the channel conditions change rapidly as the MS 
moves faster, this results in a lower received CINR and 
hence lower spectral efficiency as MS speed increases. In 
addition, as the channel conditions change rapidly, the MS 
needs to change the connection to the best serving BS/RS 
faster and this is what happened in FBSS handover 
algorithms compared to the HHO algorithms. Therefore, as 
the MS speed increases FBSS slightly outperforms HHO. 
The small difference between the FBSS and HHO is due to 
the fact that during the FBSS and HHO the MS connects 
to only one BS at each time.  
 
Fig. 7 illustrates the Macro Diversity Handover gain at 
different MS speeds. The considered speeds are 3, 30, 60, 
and 120 km/hr.  As can be seen from Fig. 7, the MDHO 
gain decreases as MS speed increases. The achieved 
MDHO gains are 4.16, 2.46, 2.14 and 1.84 dB at MS 
speeds of 3, 30, 60 and 120 km/hr respectively. The 
difference in the achieved MDHO gain between the 
pedestrian MS speed, i.e. 3 km/hr, and the vehicular MS 
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speeds, i.e. 30-120 km/hr, is high and around 1.7 dB. On 
the other hand, the difference in the achieved MDHO gain 
between the vehicular MS speeds is small and around 0.3 
dB.  
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Fig. 7  MDHO gain vs. MS speed 

Fig. 8 illustrates the probability of selecting an MCS with 
a specific spectral efficiency at MS speed of 3 km/hr. Fig. 
8 reveals that due to the high DL CINR value presented in 
the multi-hop relay system, for the three handover 
techniques the probability of selecting the MCS with the 
highest spectral efficiency, i.e. 4.5 bps/Hz attained by 
64-QAM 3/4, is high compared to the probability of 
selecting the other MCSs with lower spectral efficiency – 
up to 4 bps/Hz attained by 64-QAM 2/3 (refer to Table 2). 
For the 64-QAM 3/4 (MCS7), the selection probability is 
83.5% for MDHO, 68% for FBSS and 68% for HHO. 
Hence, a larger number of MSs receive with the highest 
MCS, i.e. MCS7, in case of MDHO compared to users 
used FBSS or HHO. For a total number of 60 MSs, 50 
mobile stations receive with the MCS7 in case of MDHO 
whereas 40 mobile stations receive with MCS7 in case of 
FBSS and HHO. 
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Fig. 8  Probability of different MCSs selection 

Fig. 9 illustrates the effect of the MS mobility on the 
probability of selecting the highest spectral efficiency 
modulation and coding scheme, i.e. MCS7. The simulated 
MS speeds are 3, 30, 60 and 120 km/hr. From Fig. 9 we 
can find that as the MS speed increases the probability of 
selecting the MCS7 is decreased for the three handover 
techniques. For MS speeds 3, 30, 60 and 120 km/hr, the 
MCS7 selection probabilities in case of MDHO are 83.5%, 
63.1%, 54.5% and 50.2% respectively. Similarly, the 
MCS7 selection probabilities for FBSS are 68%, 55.3%, 
48.7% and 45.96% respectively. Likewise, the MCS7 
selection probabilities in case of HHO are 68%, 54.3%, 
47.7% and 44.91% respectively. The MDHO shows higher 
selection probabilities than FBSS and HHO for the 
different MS speeds. For pedestrian MS speed, FBSS has a 
selection probability similar to HHO. At vehicular MS 
speeds, on the other hand, the FBSS shows a bit higher 
selection probability compared to HHO. 
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Fig. 9  Probability of MCS7 selection vs. MS speed 

5. Conclusion 

We have investigated the performance of the MDHO, 
FBSS and HHO handover techniques in IEEE 802.16j 
mobile multi-hop relay system. Simulation results show 
that MDHO has better DL CINR and spectral efficiency 
than FBSS and HHO handover techniques. FBSS and 
HHO show identical performance at low MS speed. 
However, as the MS speed increases, FBSS shows slightly 
better performance than HHO. The probability of selecting 
the highest spectral efficiency MCS, i.e. 64-QAM 3/4, is 
higher compared to the other MCSs due to the high CINR 
achieved in multi-hop relay system. However, this 
probability decreases as the MS speed increases. 
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