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Abstract: In this paper, Opportunistic Beamforming is extended to multiple transmit antennas 
in order to induce larger and faster channel fluctuations. Simulation results show that more 
multiuser diversity can be exploited in slow fading channel with Opportunistic Beamforming 
introduced on more transmit antennas. Furthermore, the optimal number of antennas in real 
systems with Opportunistic Beamforming can be determined according to the tradeoff 
between the complexity and the performance based on the yielded interesting results under 
different channel conditions.  
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1. INTRODUCTION 

 
The important characteristic of the wireless channel is the time-variant fading and 

multipaths. A basic means to deal with channel fading is the use of diversity. Diversity can be 
obtained over time (interleaving of coded bits), frequency (combining multipaths in 
spread-spectrum or frequency-hopping systems) and space (multiple antennas). The basic idea 
of diversity is to improve performance by creating several independent signal paths between 
the transmitter and the receiver. Current wireless systems have many diversity schemes to 
deal with channel fading. 

Future wireless systems are expected to support a high data rate. The downlink capacity is 
anticipated to be bottleneck in the future wireless communications systems because of the 
expected future services that are asymmetric in nature like Internet, video on demand and 
multimedia services. The application of multiple antennas in a transmitter and in a receiver is 
an efficient way to improve the transmission capacity. Since the complexity of mobile 
terminals has to be as low as possible, the application of multiple antenna elements in a 
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mobile terminal may not be a desirable solution. Instead, beamforming or antenna diversity 
can be applied in base station both in uplink reception and downlink transmission. More 
precisely, different downlink transmit antenna diversity techniques have been proposed. Some 
of them have been adopted to the Universal Mobile Telecommunication Service (UMTS) 
standard [1-4]. 

These diversity schemes all pertain to point-to-point link or single user environment. In 
the multiuser environment, another form of diversity named multiuser diversity can be 
utilized [5]. In multiuser environment, it is shown that scheduling at any one time only the 
user with the best channel to transmit to the base station can maximize the total 
information-theoretic capacity. In a system with many users, the channels are independently, 
so it is likely that the channel of a user is near its peak at any one time. Overall system 
throughput is maximized by allocate the common channel resources to the user that can best 
exploit it at any time. It also can be considered as a form of selection diversity. Similar results 
are obtained for the downlink from the base station to the mobile users [6]. In practical system, 
scheduling algorithms are used to schedule the user at a time slot according to some criterion 
to exploit the multiuser diversity. 

Traditionally, channel fluctuations are to be overcome. However, in multiuser diversity, 
channel fading can instead to be considered as a source of randomization that can be exploited. 
Therefore, the larger the dynamic range of the channel fluctuations, the higher the peaks and 
the larger the multiuser diversity gain. In practical radio propagation channels, such gains are 
limited in two ways. The first is that there may be a line-of-sight path and little scattering in 
the environment, and hence the dynamic range of the channel fluctuations is small. The 
second is that the channel may fade too slowly for the user moves too slowly, and hence 
transmission cannot wait until the channel reaches its peak. 

In the slow fading channel and/or the channel with little scattering, Opportunistic 
Beamforming has been proposed to implement multiuser diversity in a real system [7]. 
Opportunistic Beamforming can make total channel response vary more quickly by inducing 
randomization in power fraction and phase in each transmit antenna. In this way, multiuser 
diversity can also be exploited. In this paper, performance of Opportunistic Beamforming 
with multiple transmit antennas is investigated in detail. 

The outline of the paper is as follows. In section 2, we review Opportunistic Beamforming 
using dumb antennas and extend Opportunistic Beamforming to multiple transmit antennas. 
In section 3, different scheduling algorithms are discussed. In section 4, detailed simulation 
results are given. In section 5, we distill the conclusions. 
 
2. OPPORTUNISTIC BEAMFORMING AND SCHEDULING ALGORITHMS 

 
2.1. Opportunistic Beamforming 

Opportunistic Beamforming (OB) was first proposed in [7], which is used for multiuser 
diversity and associated with scheduling algorithm. Opportunistic Beamforming is used to 
enlarge the rate and dynamic range of channel fluctuations. In this paper, OB is utilized on 
multiple transmit antennas to yield more channel fluctuations as illustrated in Figure 1. 
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Figure 1. Opportunistic Beamforming with multiple antennas 
 

In Figure 1, ( )i tα denotes the fraction of power allocated to the i-th transmit antenna, 

and ( )i tθ is the phase shifts applied at transmit antenna i to the signal. By varying these 

quantities over time ( ( )i tα ’s from 0 to 1 and ( )i tθ ’s from 0 to 2π ), fluctuations in the overall 

channel can be induced even if the physical channel gains ( )ih t  have very little fluctuations. 

( )i tα obeys uniform distribution from 0 to 1 and must satisfy (1). ( )i tθ is i.i.d uniform random 

variable from 0 to 2π . The overall channel response G  observed by the user is shown as 

(2). Using Cauchy-Schwartz inequality on (2), when ( )( ) ij t
i t e θα  is proportional to the 

corresponding physical channel gain ( )ih t  we can get the maximum of the overall channel 

response as (3). 
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2.2. Scheduling Algorithms 

To exploit multiuser diversity in a real communication system, we must apply scheduling 
algorithms and consider two main issues: fairness and delay. For systems where packet data 
are time division multiplexed across users on the downlink, or from base station (BS) to 
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multiple mobile stations (MS), the BS uses scheduling algorithms to decide which user to 
transmit to. It is indicated in [10] [11] that it is optimal to schedule only one user at a time from 
the point of view of the system throughput. 

Traditional “Round Robin” (RR) scheduling routes the transmission of packets equally 
across users in an orthogonal TDM-like manner and can yield best fairness for all users. 
However, the user with “bad” channel conditions is allocated the same number of slots as the 
user with “good” channel conditions and it will decrease the system throughput. Therefore, it 
cannot nearly exploit multiuser diversity. 

In [12] [13] and references therein, it is shown that transmitting data when channel quality 
(CQ) is good, which is called as “Greedy” scheduling, will mostly increase the overall 
throughput capacity but may sacrifice the fairness, which leads to the introduction of 
Proportional Fair Scheduling (PFS) [15], a scheduling method that balances the throughput and 
fairness well. Proportional Fair Scheduling has already been used in IS-856 [16] (also known 
as HDR: High Data Rate), where each user measures its downlink signal-to-noise ratio (SNR) 
based on a common pilot and feeds back the channel status information to the base station. The 
performance of PFS is shown in [12]. 

We have proposed another scheduling algorithm named Time Fair Selective Scheduling 
(TFS) in [8]. It can also yield fairness and exploit multiuser diversity as Proportional Fair 
Scheduling. Its remarkable characteristic is that the average waiting duration between two 
transmitting slots will not increase with more users while the average waiting duration will 
increase when PFS is used. 

TFS is developed from “Greedy” scheduling which can yield the best system throughput. 
An offset is added to “Greedy” scheduling to achieve fairness. The algorithm is as follows. 

Assuming SINR of user k in a cell at scheduling slot i is ( )k iη . The channel state 

information is feedback to BS without delay. BS is assumed to obtain the performance values 

of user k with a linear function ( ( ))i
k kv f iη=  and the slot is allocated to the user with the 

largest ( )i i
k kv y+ , i.e. 

(1,2... )
arg max ( )i i i

k kk N
v y

∈
Ω = + ,                                                   (4) 

where iΩ  is the user index who get the slot i; i
ky  is the performance offset for user k at 

slot i; N is the number of the users in a cell; i is the slot number. The performance offset for 
user k is updated as follows. 
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If user k is allocated slot i, 
{ }i k

I
Ω =

is equal to 1, otherwise equal to 0. 1
ky  is initiated to be 

zero. 
In this paper, TFS is used to exploit multiuser diversity. The simulation results of 

Opportunistic Beamforming with TFS are similar with that of Opportunistic Beamforming 
associated with PFS. 
 
3. PERFORMANCE OF OPPORTUNISTICE BEAMFORMING IN CASE OF 

MULTIPLE ANTENNAS 
 
It is assumed that the average SINR of every user is equal to 20dB and remains constant 

during simulation. The scheduling slot is 2ms. Every user remains active i.e. they all have data 
to transmit to the base station at any time. 

Under these assumptions, the performance value function is defined as follows: 
/ 20   0

( )
    0            0
SINR SINR

f SINR
SINR

>⎧
= ⎨ ≤⎩

                                          (9) 

In order to investigate the improvement of the system performance, system average 

performance value sV  is defined as follows. 

s sV V T=                                                             (10) 

Here sV  is the total system performance value, i.e. the sum of system performance value 

in each slot; T  is the number of slots. 
Firstly, we investigate performance of TFS and RR scheduling in Rayleigh channel with 

maximum Doppler shift equal to 41Hz and Ricean channel with maximum Doppler shift equal 
to 2Hz in Figure 2. From Figure 2, we can see that RR cannot exploit multiuser diversity either 
in Rayleigh channel or in Ricean channel. Performance of RR in Ricean channel is better than 
in Rayleigh channel, because there is a dominant component in Ricean channel. TFS yield 
better performance in Rayleigh channel, for Rayleigh channel fluctuate more acutely than 
Ricean channel, i.e. there is more multiuser diversity in Rayleigh channel to be exploited. 

The following investigations of Opportunistic Beamforming are all based on TFS [8]. In 
the following figures, SE denotes TFS without opportunistic beamforming and OB represents 
Opportunistic Beamforming combined with TFS. The maximal Doppler shift is 0.1Hz in the 
following simulations. 

In Figure 3, the performance of different schemes of Opportunistic Beamforming (OB) is 
illustrated. OB1 represents that the power fraction and phase of each antenna are both 
randomized. OB2 represents that only power fraction of each antenna is randomized. From 
Figure 3, we can see that only randomizing power fraction of each antenna is not enough for 
exploiting multiuser diversity. Therefore, in the following simulations, not only power fraction 
but also phase of each transmit antenna are randomized in Opportunistic Beamforming. 
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Figure 2. TFS vs. RR in Rayleigh and 
Ricean channels 
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Figure 3. Performance of different 
Opportunistic Beamforming Schemes 

 
3.1. Rayleigh Fading 

3.1.1. Independent Rayleigh Fading Channel 
The average system throughput of opportunistic beamforming extended to 

multiple-antenna case is illustrated in Figure 4. System performance is improved step by step 
with more antennas. However, while number of antennas is more than four, system 
performance decreases instead. Figure 4 shows that optimal number of transmit antennas is 
three or four according to the tradeoff between complexity and performance when 
opportunistic beamforming is used in independent Rayleigh channel. 

Form (3), it is shown that the peak of the overall channel response increases with more 
transmit antennas. However, if too more antennas are used, the overall channel tends to be 
AWGN-like channel [9] and the channel fluctuation is very small. Therefore, when the number 
of antennas is too large, there is little multiuser diversity to be exploited. 

 
3.1.2. Correlated Rayleigh Fading Channel 
When the transmit antennas are placed too closely or there is not enough scattering in the 

environment, the channel fading gains of the antennas will be correlated. In this case, 
Opportunistic Beamforming will take more effect. Completely correlated Rayleigh fading is 
considered [7]. 

( ) ( ) exp( )n nh t l t jφ=                                                      (11) 

Here ( )l t is the Rayleigh process; nφ  is the phase shift which depends on the angle of 

the direct path to the user; n is the index of transmit antenna. The channel gain from all the 
antennas to a user is same except for phase shift.  

Performance of opportunistic beamforming with multiple antennas in correlated Rayleigh 
channel is investigated in Figure 5 and Figure 6. We assume that antennas are distributed in a 
line with equal spacing, which is / 8λ  where λ  is the wavelength. It is shown from the 
Figure 3 that average system performance increases with more antennas but decreases while 
the number of antennas is more than five, i.e. the total length of the antenna array is more 
than / 2λ . While the distance between two antennas is more than / 2λ , the channel fading 
becomes independent. Therefore, when the total length of the antenna array is / 2λ , the largest 
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gain can be given. The optimal number of antennas in case of correlated Rayleigh channel 
is ( / 2) / dλ⎢ ⎥⎣ ⎦ , where d is the spacing between two neighboring antennas. 

Probability density function of three-antenna Rayleigh with Opportunistic Beamforming 
and single-antenna Rayleigh is illustrated in Figure 7. It is shown that Opportunistic 
Beamforming can improve the range of the total channel fluctuations of multiple antennas in 
correlated Rayleigh channel, so there is more multiuser diversity to be exploited and TFS can 
yield better performance. 

 
3.2. Ricean Fading 

The Ricean distribution is given as follows [14]. 
2 2

2
( )

2
02 2( )       for ( 0, 0)( )

          0                        for ( 0)

r Ar Are I A rf r
r

σ

σ σ

+
−⎧

⎪ ≥ ≥= ⎨
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                               (12) 

Here, A  denotes the peak amplitude of the dominant signal and I0(.) is the modified 
Bessel function of the first kind and zero-order. 

2

22
AK
σ

=                                                              (13) 

We first investigate the effect of different K-values on the average system performance. 
Figure 8 shows that TFS scheduling in case of one transmit antenna yields better performance 
with larger K (K=10), for there is stronger dominant component with larger K in Ricean 
channel. It is also shown that Opportunistic Beamforming with two antennas can yield larger 
gain with larger K factor of Ricean channel, since opportunistic beamforming can induce larger 
and faster channel fluctuations on the dominant multipath component of Ricean channel 
regardless of fast or slow fading. 

The probability density function of two-antenna Ricean channel with Opportunistic 
Beamforming and single-antenna Ricean channel is illustrated in Figure 9. It is shown that 
Opportunistic Beamforming can enlarge the range of the total channel fluctuations in Ricean 
fading regardless of K. Furthermore, Opportunistic Beamforming can induce more scrambling 
with larger K. Therefore, in Figure 8, system performance with Opportunistic Beamforming 
and K equal to 10 is best. 

The average system throughput with Opportunistic Beamforming extended to multiple 
antennas under Ricean fading channel (K=10) is illustrated in Figure 10. It is shown that the 
system performance can be improved with more antennas. The optimal number of antennas is 
three or four when Opportunistic Beamforming is used in independent Ricean channel. 

We can obtain the similar results in correlated Ricean channel with that in correlated 
Rayleigh channel. 
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Figure 4. System performance Vs. number 
of antennas with independent Rayleigh 
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Figure 5. System performance Vs. number 
of antennas with correlated Rayleigh 
channel 
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Figure 7. PDF of single-antenna Rayleigh 
and three-antenna Rayleigh 
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Figure 8. Effect of different K values in 
Ricean channel 

 
Figure 9. PDF of single-antenna Ricean and 
two-antenna Ricean 
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Figure 10. System performance Vs. number of antennas with Independent Ricean 
channel(K=10) 
 

4. CONCLUSIONS 
 
In this paper, performance of Opportunistic Beamforming with multiple antennas in case 

of Time Fair Selective scheduling (TFS) is analyzed in detail. Simulation shows that 
Opportunistic Beamforming yields better performance with more transmit antennas. However, 
if there are too many transmit antennas, the overall channel tends to be AWGN-like and there 
is little multiuser diversity to be exploited. In Ricean channel, Opportunistic Beamforming 
yields more gain with larger K.  In independent channel, optimal number of transmit antennas 
is three or four according to the tradeoff between complexity and performance. In completely 
correlated channel, optimal number of transmit antennas is related with the antenna spacing 
and the wavelength. 

Furthermore, it is proved that Round-Robin Scheduling nearly cannot exploit multiuser 
diversity. In real system, scheduling algorithm must be created carefully to provide fairness 
and exploit multiuser diversity. Similar simulation results can be obtained in case of PFS 
algorithm and Opportunistic Beamforming. 
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