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Abstract 
 

This paper deals with subcarrier allocation strategies for soft hand-over in OFDMA-based 

cellular systems. Two possible subcarrier allocation methods are considered for soft hand-over. 

One method is to use an identical subcarrier set between the two cells participating in the 

hand-over. The other is to use different subcarrier sets between the two cells. As expected, the 

different subcarrier strategy is better in terms of diversity order and BER than the identical 

subcarrier strategy. It will be shown that the BER performance difference between the two 

strategies is more noticeable with contiguous subcarrier allocation. But the different subcarrier 

strategy consumes twice more frequency resources than the other, and there is a trade-off 

between the two strategies in terms of BER and frequency resources. By considering the 

trade-off, we also propose a subcarrier allocation strategy for soft hand-over. 
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1. Introduction 

Emerging beyond-3G cellular standards such as 3GPP LTE-Advanced and IEEE 802.16m 

will be based on OFDM technologies. Due to the cellular nature of these standards, hand-over 

(or hand-off) is required for mobile users. There are two types of hand-over: hard hand-over 

and soft hand-over (SHO). Since SHO is capable of seamless communications even if base 

station is changed, it is an important research issue in cellular networks. However, unlike 

CDMA SHO, there does not exist much literature on SHO in OFDM [1][2][3][4][5]. 

We focus on the SHO in this paper because it requires more careful analysis in terms of 

diversity combining. Only the downlink (forward link) is considered in this paper. In 

[1][2][3][4], the medium access conrol (MAC) or higher layer aspects of SHO are discussed, 

but the physical layer (PHY) aspect of SHO was not discussed. It was not clear whether 

identical subcarriers can be used or not between two cells in SHO, which is one of the main 

topics discussed in this paper. In [5], although the PHY aspect of SHO was discussed, it 

focused on the cooperative MIMO base stations.  

The cyclic prefix in OFDM is used to maintain the orthogonality of OFDM subcarriers in 

multipath channels. It also has some diversity combining capability as long as the delay spread 

of the channel lies within the cyclic prefix. The multipath diversity in OFDM is discussed in 

[6],[7]. One important system factor that affects the soft hand-over performance is the 

subcarrier allocation strategy. Another important factor in designing an allocation strategy is 

whether the subcarriers used for one user is contiguous or not. The contiguous case is 

conventionally block allocation, and the non-contiguous case is called interleaved allocation. 

Other factors that we consider include the delay spread of the channel and the mobile's 

location in an anchor cell. The location determines the mean arrival time difference between 

the two base station signals. We will analyze how all these factors affect the performances of 

different subcarrier allocation strategy. In this work, we will assume that the cells (base 

stations) are synchronized by GPS. 

2. Signal Model 

At the transmitter, the time-domain OFDM signal can be represented by 
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where N  is the size of FFT points and  kX  is the data symbol at k th subcarrier. Note that 
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kf   where T  and sT  are the OFDM symbol period and the sampling period, 

respectively. The sampled signal is denoted by    sc nTxnx  . 

In practical implementation, the received signal would be a sampled version of 

       twtxtgty cc   where  tg  is the channel impulse response, and  tw  is the 

white Gaussian noise. The sampled received signal and the sampled noise are denoted by 

   sc nTyny   and    sc nTwnw  , respectively. The discrete time version of  tg  is 
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denoted by  ng  although it is not exactly the same as  snTg . The DFT's of  nx  and  ng  

are denoted by  kX  and  kH . Let us denote the vectorized version of the above signals by 

      TNggg 1,,1,0  g ,       TNxxx 1,,1,0  x ,       TNxxx 1,,1,0  x , 

      TNXXX 1,,1,0  X ,       TNHHH 1,,1,0  H , and     ,1,0 www  

 TNw 1,  . The DFT matrix is given by  lmW  where 
lmj

Nlm
NeW
2

1 
 . Note that the 

IDFT matrix is 
HFF 1

 since F  is unitary. We also have FgH  . The frequency-domain 

received signal vector after DFT is then given by   wXFgFY  H
 where   is 

circular convolution, and w  is the white noise with covariance of   Nn

HE Iww
2 . We 

then have N  independent parallel channels. 

 

       kwkXkHkY ~ ,                                              (2) 

 

where FyY  , and Fww ~ . Note that the covariance matrix of w~  is also 

  Nn

HE Iww
2~~   because F  is unitary. 

3. Multipath Diversity and Combining Strategy 

We consider two subcarrier allocation strategies for SHO. One is to use an identical set of 

subcarriers, and the other is to use different sets of subcarriers. In OFDMA-based cellular 

systems, a resource block is usually composed of several subcarriers, which is the smallest unit 

for resource allocation. For example, in an OFDM system with 16 subcarriers, if a resource 

block has 4 subcarriers, there are 4 resource blocks per an OFDM symbol. With the identical 

set of subcarriers for SHO, both of the two base stations allocate the same resource block 

number to a HO user. On the other hand, with the different sets of subcarriers, each base 

station allocates a different resource block number to a HO user. In the first strategy, we take 

advantage of the multipath diversity capability of cyclic prefix, which is used at the beginning 

of every OFDM symbol. In the second approach, one of the key benefits is the increased 

frequency diversity. It should be noted that the used frequency resources of the 2nd approach 

is twice as much as those of the 1st approach. There are two types of gain available with 

diversity techniques. One is the combining (or MRC) gain, which is due to the added SNR's of 

diversity branches. The other is the diversity gain (order), which is due to the fact that it is 

unlikely that all the branches are in deep fade simultaneously. For the different subcarrier 

strategy, maximal ratio combining (MRC) can be used, and it is well known that the combiner 

output SNR is the sum of individual branch SNR's [8]. It can be easily shown that the diversity 

order for the MRC of uncorrelated branches is the number of branches, which is 2 in this case 

[7]. 

Let us consider the combining (SNR) gain and the diversity order for the SHO scenario 

using the identical subcarrier. Note that the MRC cannot be used in this scheme because the 

channel coefficient cannot be estimated for each branch. As shown in Fig. 1,  kH1  and 

 kH 2  are the frequency-domain channel response from base station (BS) 1 and 2, 

respectively. The received time-domain signal is 
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         nwnnxgnxgny d  21 ,                             (3) 

 

where dn  is the arrival time difference between the two signals from BS 1 and BS 2, 1g  and 

2g  are the IDFT's of  kH1  and  kH 2 , respectively. Since the time-shift in time-domain 

corresponds to the complex exponential multiplication in frequency-domain, we have 

 

          kwkXkHekHkY dN
knj ~

21

2


 

.                            (4) 

 

Note that 11 FgH   and 22 FgH  . It is assumed that 1g  and 2g  are uncorrelated. 

The complex coefficient of  kX  in (4) determines the SNR gain. This can be verified by 

looking at the power of the coefficient 
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Let us consider the covariance matrix of H , which is given by    HHH EE FgFgHH 2121   

  HHE FggF 21 . Since 1g  and 2g  are uncorrelated,   021 HE gg  so   021 HE HH . 

Hence (5) becomes      2

2

2

1 kHEkHE  . The mean output SNR of the identical 

subcarrier strategy is thus the same as that of the different subcarrier strategy. However, the 

two strategies are different in terms of diversity order. It is obvious that the different subcarrier 

SHO scheme has the diversity order of 2. On the other hand, it can be shown that the 2-branch 

multipath in OFDM has the diversity order of 1 instead of 2 [7], which indicates that the 

different-set strategy performs better than the identical-set strategy. 

The above analysis indicates that OFDM with cyclic prefix provides some multipath 

diversity gain. The OFDM diversity issue can be casted in the framework of 

diversity/multiplexing tradeoff [9]. Without cyclic prefix, a full rate transmission is possible 

for the channel without ISI, but diversity gain cannot be achieved because any delay spread of 

the channel introduces interference. By using cyclic prefix, the rate is sacrificed a little bit, but 

we do get some diversity gain. This indicates that there is a tradeoff between transmission rate 

and diversity gain. This tradeoff for general ISI channels is analyzed in [10]. Since the 

maximum likelihood (ML) sequence estimation is the optimal decoder for an ISI channel, the 

paper derives the tradeoff in terms of error. It was shown that the ML decoder satisfies eP  

 rdSNR
 where    '1 rLrd   and  rr

N
L 11'  . Note that r  is the normalized 

transmission rate (1 is the maximum),  rd  is the diversity order which is a function of r , L  

is the number of channel delay taps, and N  is the length of code block. When N , 

rr ' . The tradeoff between r  and d  is shown in Fig. 2, which is the upper bound for the 

operating point of an OFDM system with cyclic prefix. Since the same information is 

transmitted in SHO, the effective data rate is 
2
1r . We also have 2L . Based on the above 

tradeoff, the diversity order is     11  rLrd , which is consistent with the analysis in [7]. 
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In practice, the effective data rate is even lower than 
2
1  because the usage of cyclic prefix 

reduces the rate further. The new rate including the cyclic prefix effect is 
2
1

2
1 



N

NN CPr . 

Note that the operating rate of OFDM with cyclic prefix is 
N

NN CPr


  where CPN  is the size 

of the cyclic prefix, which indicates the reduction of rate due to the cyclic prefix. The above 

relationship also indicates that we can increase the diversity order by sacrificing the rate of 

cyclic prefix. 
 

 

Fig. 1. Downlink soft hand-over from two base stations (BS 1 and 2). H1 and H2 are the channel 

responses for the two base stations. 

SHO resource allocation policy 

As will be observed in simulations, it is desirable to use the different-set subcarrier allocation 

strategy for the contiguous case even if it consumes twice the channel resources. In the 

non-contiguous case, there is a tradeoff between BER performance and resource savings. One 

way to decide is to change the resource allocation policy depending on the loading factor of the 

cells. In other words, the different-set strategy can be used when the loading factor is low 

(when a pool of unused resources is available), and the identical-set strategy is used otherwise. 
 

 

Fig. 2. Optimal diversity and multiplexing (rate) tradeoff curve for general ISI channels. L is the delay 

spread (in number of taps) 
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4. Simulations 

For simulations, we developed a software which models basic features of the WiMAX 

standard (IEEE 802.16e) [11]. More specifically, we used 1024-FFT, 864 subcarriers (16 

subchannels x 54 subcarrier/subchannel), 128 cyclic prefix samples, and the bandwidth of 10 

MHz. The sampling period is 100 ns. Only 864 tones out of 1024 are used for data, and the 

others are used for null subcarriers (guard band). The modulation is QPSK for each subcarrier. 

In SHO, the Tx powers of two base stations are equal. For fair comparison, the power of each 

base station in SHO is set to one half of the Tx power in the single cell case. A convolutional 

code with rate of 1/2 is used. The channel model is based on the exponential delay profile with 

varying RMS delay spread. We also use a path-loss model with path-loss exponent of 4.41, 

and log-normal shadowing with standard deviation of 6.15 dB. The cell radius is 3r  km. 

The channel estimation was assumed to be ideal in the simulations, and MRC is used for 

combining two signals for the different-subcarrier SHO strategy. 

The two soft hand-over strategies in terms of subcarrier allocation are considered. In the 

following figures, 1BSN  means the single cell case (not in SHO mode), and 2BSN  

stands for two-cell case (in SHO mode). The identical-set case is denoted by “same”, and the 

different-set case is denoted by “diff”. The contiguous and the non-contiguous subcarriers are 

denoted by “cont” and “noncont”, respectively. 

Simulations show that the performances of the two SHO strategies depend on whether the 

subcarriers are contiguous or not. Fig. 3 and Fig. 4 show the BER comparison for two different 

positions (arrival time difference) of a mobile station. The two mobile positions that we 

considered are r ( std 0 ) and r7.0 ( std 6 ). The distance is measured from the center 

(base station) of a cell. The parameters common to the two figures are the maximum delay 

spread of the exponential delay profile ( s 5max  ), the RMS delay spread ( srms  1 ), 

and the Doppler frequency ( 250Df Hz). 

Fig. 5 and Fig. 6 show the BER comparison for the two different RMS delay spreads. One 

case is for srms  1  with s 5max  , and the other case is for srms  4  with 

s 20max  . The common parameters for these two figures are 250Df Hz and 

std 2  corresponding to the position of r9.0 . It is observed that the case with larger delay 

spread has better BER performance than the case with smaller delay spread. This is due to the 

multipath (frequency) diversity. 

In all the 4 figures, it is observed that the different-set strategy is always better than the 

identical-set strategy regardless of the contiguity of subcarriers. This is consistent with the 

theoretical prediction that the diversity order of the different-set scheme is larger than that of 

the identical-set scheme. Note that the delay spread in the channel also provides additional 

diversity on top of the SHO diversity, which makes the BER slope steeper as can be seen in 

Fig. 6. Depending on the channel parameters, the different-set scheme is 3-4 dB better than the 

identical-set scheme for the non-contiguous case at 10
-3

 BER. The different-set scheme is 

6-7.5 dB better than the identical-set scheme for the contiguous case at 10
-3

 BER. As for the 

single cell case, the non-contiguous scheme is 3-10 dB better than the contiguous scheme at 

10
-3

 BER. The results indicate that the improvement of the different-set scheme over the 

identical-set scheme is more prominent with the contiguous subcarriers. As for the 

non-contiguous subcarriers, frequency diversity is already present so that the additional 

diversity gain with the different subcarrier scheme will be less noticeable. 
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We also compared the hand-over strategies with the single cell case where the transmit 

power is the same as the sum of the powers of the two base stations in soft hand-over case. 

Since SHO can be viewed as the communication over a two-path channel with a large delay 

spread, the SHO case performs better than the single cell case due to the increased frequency 

diversity. As long as the delay spread lies within the cyclic prefix, it is expected that the BER 

performance of the soft hand-over is better than that of single cell case, which was also 

observed in all the 4 figures. This is an empirical evidence that multipath diversity exists with 

OFDM with cyclic prefix. 
 

 

Fig. 3. BER comparison of different soft hand-over strategies when a mobile is located at r  (3km) 

which corresponds to s0 . 

 

 

Fig. 4. BER comparison of different soft hand-over strategies when a mobile is located in the middle at 

r7.0  (2.1km) which corresponds to s6 . 
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Fig. 5. BER comparison of different soft hand-over strategies when the RMS delay spread is s1 . 

 

 

Fig. 6. BER comparison of different soft hand-over strategies when the RMS delay spread is s4 . 

5. Conclusion 

We showed that the cyclic prefix in OFDM has the capability of multipath diversity. We 

compared two soft hand-over strategies in terms of subcarrier allocation. It was found that 

using the different-subcarrier strategy produces the best BER performance regardless of 

contiguity of subcarriers, which is expected. For the contiguous case, the different-subcarrier 
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strategy performs even better than the identical subcarrier strategy. But the 

different-subcarrier strategy requires twice more frequency resources than the identical 

subcarrier strategy although the former has better BER performance than the latter. Hence 

there is a trade-off between the two strategies. Based on the observation, a SHO subcarrier 

allocation technique which depends on the loading factor of a cell is proposed. 
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