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Opportunistic Beam-forming with Limited Feedback
Norooz Motamedi
Abstract— Multi-user diversity is an inherent form of diversity present in any time-varying system with several users. An opportunistic scheduler has to be used in order to exploit this type of diversity. With multiple antennas at the transmitter, opportunistic beam-forming increases the dynamic range of the effective channel in spatially correlated scenarios. It is shown that true beam-forming gains can be achieved when there are sufficient users, even though very limited channel feedback is needed. With strictly limited feedback in a multi-user multi-antenna system, what channel state information (CSI) should we send back to the transmitter, and how should it be used? Considering the class of single-beam systems, we suggest a combination of beam-forming and multi-user diversity. It has been shown that in single antenna systems, one bit of feedback per user can capture almost all gains available due to multi-user diversity, therefore we use one bit for multi-user diversity and any further feedback bits for beam-forming.

Index Terms— Multiple antennas, multi-user diversity, scheduling, smart antennas, dumb antenna, space–time codes
I. INTRODUCTION
D
iversity, in its various forms, provides advantages for communication in fading wireless. The usual forms of diversity in single-user channels include time, frequency, and space diversity. In a multi-user environment with multiple independent wireless links, it is highly probable that at any given point in time, at least one of those links has high quality. This advantage is called multi-user diversity. Obviously, multi-user diversity requires the base-station (BS) to know the channel coefficients for all users, which is usually estimated at the mobiles and fed back to the BS. This is done by scheduling transmissions to users only when their channels are near their peaks. The larger the dynamic range of the channel fluctuations, the larger the multi-user diversity gain. In practice, such gains are limited by a line-of-sight path or the slowly fading channel compared to the delay constraint of the application so that transmissions cannot wait until the channel reaches its peak [1-4].
When the environment has little scattering and/or the fading is slow, we use a scheme that induces random fading. We focus on the downlink of a cellular system. Multiple antennas are used at the BS to transmit the same signal from each antenna modulated by a gain whose phase and magnitude is changing in time in a controlled but pseudorandom fashion. The gains in the different antennas are varied independently. Channel variation is induced through the constructive and destructive addition of signal paths from the multiple transmit antennas to the (single) receive antenna of each user. The overall (time varying) channel signal-to-interference-plus-noise ratio (SINR) is tracked by each user and is fed back to the BS to form a basis for scheduling. The channel tracking is done via a single pilot signal which is repeated at the different transmit antennas, just like the data [1,2].

If the magnitudes and phases of the channel gains from all of the transmit antennas to the user can be tracked and fed back, then transmit beam-forming can be performed by matching the powers and phases of the signals sent on the antennas to the channel gains in order to maximize the received SNR at the user. With a much more limited feedback of only the overall channel SNR, true beam-forming cannot be performed. However, in a large system with many independently fading users, there is likely to be a user whose instantaneous channel gains are close to matching the current powers and phases allocated at the transmit antennas. Viewed in this light, our scheme can be interpreted as performing opportunistic beam-forming: the transmit powers and phases are randomized and transmission is scheduled to the user which is close to being in the beam-forming configuration. This scheme uses the multiple transmit antennas in a dumb way: no additional processing at the transmitter or the receiver is needed [1, 2].
In [3], [4] the question of opportunistic scheduling with limited feedback has been broached, showing that only one bit of feedback per user is sufficient to capture most of the gain of multi-user diversity for a single antenna transmitter and any remaining feedback is used for beam-forming.
The outline of the paper is as follows. In Section II, we review the system model, multi-user diversity and fairness concept. We introduce the idea of opportunistic beam-forming in Section III, and study its performance in slow and fast fading environments. In Section IV, we investigate the scheduling and beam-forming with limited feedback and compare the opportunistic beam-forming techniques. In Section V, we compare the opportunistic beam-forming technique with spec-time codes.
II. System model
We consider a network of n users each having N antenna for receiving data from the BS. The BS has M antennas. For kth  user we assume the linear time invariant flat fading model:
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where 
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is the received signal and 
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 is the transmitted signal for user k at time t. The transmit power is limited by ρ, 
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 is an i.i.d. complex Gaussian noise and 
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is an N×M channel matrix whose ijth element, Hij,k represents the channel gain between the ith transmit antenna at the BS and the jth  receive antenna of the kth  user.

If we assume that both the transmitter and the receivers can perfectly track the fading channel, then we can view this downlink channel as a set of parallel Gaussian channels. In Fig. 1, we plot the sum capacity (in (b/s/Hz)) of the downlink channel as a function of the number of users, for the case when users undergo independent Rayleigh fading with average received SNR 0 dB. We observe that the sum capacity increases with the number of users in the system. In contrast, the sum capacity of a non-faded downlink channel, where each user has a fixed additive white Gaussian noise (AWGN) channel with SNR 0 dB, is constant irrespective of the number of users. Somewhat surprisingly, with moderate number of users, the sum capacity of the fading channel is greater than that of a non-faded channel. This is the multi-user diversity effect: in a system with many users with independently varying channels, it is likely that at any time there is a user with channel much stronger than the average SNR. By transmitting to users with strong channels at all times, the overall spectral efficiency of the system can be made high, significantly higher than that of a non-faded channel with the same average SNR. The system requirements to extract such multi-user diversity benefits are as follows [2]:

· each receiver tracking its own channel SNR, through a common downlink pilot, and feeding back the instantaneous channel quality to the BS;

· the ability of the BS to schedule transmissions among the users as well as to adapt the data rate as a function of the instantaneous channel quality.

To implement the idea of multi-user diversity in a real system, one is immediately confronted with two issues: fairness and delay. In the ideal situation when users’ fading statistics are the same, the strategy above maximizes not only the total capacity of the system but also the throughput of individual users. In reality, the statistics are not symmetrical. Moreover, the strategy is only concerned with maximizing long-term average throughputs; in practice, there are latency requirements, in which case the average throughputs over the delay time scale is the performance metric of interest. In this system, the feedback of the channel quality of user k in time slot t to the BS is in terms of a requested data rate 
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(the data rate that the kth user can currently support). The scheduling algorithm works as follows. It keeps track of the average throughput 
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 of each user in a past window of length tc. In time slot t, the scheduling algorithm simply 
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 among all active users in the system. The average throughputs can be updated using an exponentially weighted low-pass filter.
If two users have identical fading statistics and the scheduling time is much greater than the correlation time of the fading channel, then by symmetry the throughput of each user converges to the same quantity. The scheduling algorithm reduces to always picking the user with the highest requested rate. Thus, each user is scheduled when its channel is good and at the same time the scheduling algorithm is perfectly fair on the long term.
In other situation, if one user’s channel is much stronger than the other user’s on the average, although both channels fluctuate due to multi-path fading. Always picking the user with the highest requested rate means giving all the system resources to the statistically stronger user and would be highly unfair. In contrast, under the proposed scheduling algorithm, users compete for resources not directly based on their requested rates but only after normalization by their respective average throughputs. The user with the statistically stronger channel will have a higher average throughput. Thus, the algorithm schedules a user when its instantaneous channel quality is high relative to its own average channel condition over the time scale [2].
III. opportunistic beam-forming
The amount of multi-user diversity depends on the rate and dynamic range of channel fluctuations. In environments where the channel fluctuations are small, a natural idea comes to mind: why not amplify the multi-user diversity gain by inducing faster and larger fluctuations? This technique is to use multiple transmit antennas at the BS as illustrated in Fig. 2. In time slot t the same block of symbols x(t) is transmitted from all of the antenna with multiplied by a complex number 
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 at antenna i ,i=1,…,M, such that 
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, preserving the total transmit power. According to equation (1) the overall channel gain seen by receiver k is:
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The
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’s denote the fractions of power allocated to each of the transmit antennas, and the
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’s the phase shifts applied at each antenna to the signal. By varying these quantities over time (
[image: image16.wmf])

(

t

i

a

’s from 0 to 1 and
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’s from 0 to 2π), fluctuations in the overall channel can be induced even if the physical channel gains 
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Each receiver feeds back the overall SNR of its own channel to the BS (or the data rate that the channel can currently support) and the BS schedules transmissions to users accordingly. There is no need to measure the individual channel gains (phase or magnitude); in fact, the existence of multiple transmit antennas is completely transparent to the receiver. Thus, only a single pilot signal is needed for channel measurement.

The rate of variation of
[image: image19.wmf])

(

t

i

a

 and
[image: image20.wmf])

(

t

i

q

 in time is a design parameter of the system. We would like it to be as fast as possible to provide full channel fluctuations within the latency time scale of interest. On the other hand, there is a practical limitation to how fast this can be. The variation should be slow enough and should happen at a time scale that allows the channel to be reliably estimated by the users and the SNR fed back. Further, the variation should be slow enough to ensure that the channel seen by the users does not change abruptly and thus maintains stability of the channel tracking loop [1,2].
To get more insights into the performance of this scheme, we will study the cases of slow fading and fast fading separately.

A. Slow Fading
To get some insight into the performance of this scheme, consider the case of slow fading where the channel gain vector of each user k remains constant. The received SNR for this user would have remained constant if only one antenna were used. If all users in the system experience such slow fading, no multi-user diversity gain can be exploited. Under the proposed scheme, the overall channel gain for each user k varies in time and provides opportunity for exploiting multi-user diversity. If 
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. The peak value occurs when the transmission is aligned along the direction of the channel of user k [2].
To be able to beam-form to a particular user, the BS needs to know individual channel amplitude and phase responses from all the antennas, which requires much more information to feedback than just the overall SNR. However, if there are many users in the system, the proportional fair algorithm will schedule transmission to a user only when its overall channel SNR is near its peak. Thus, in a slow fading environment, the technique can approach the performance of coherent beam-forming but with only overall SNR feedback (Fig.3). In this context, the technique can be interpreted as opportunistic beam-forming: by varying the phases and powers allocated to the transmit antennas, a beam is randomly swept and at any time transmission is scheduled to the user currently closest to the beam. With many users, there is likely to be a user very close to the beam at any time [2].
B. Fast Fading
Opportunistic beam-forming can significantly improve performance in slow fading environments. The impact of opportunistic beam-forming in the fast fading scenario depends on how the distributions of the overall channel gains can be modified by power and phase randomization. The opportunistic beam-forming technique does not provide performance gain in fast Rayleigh fading channel that has already fast and large fluctuation. In contrast to the Rayleigh fading case, opportunistic beam-forming has a significant impact in a Rician environment. In this case, the scheme can significantly increase the dynamic range of the fluctuations because there is a direct path between transmitter and receiver [2]. This intuition is substantiated in Fig.4, which plots the total throughput with the proportional fair algorithm (large tc, of the order of 100 time slots) for Rician fading.
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IV. scheduling with limited feedback of csi
When the BS has one antenna (M=1), a downlink scheduling algorithm with only one bit of feedback per user is proposed in [4], as follows: The BS sets a threshold β for all users. Each user will send a “1” (eligible user) to the BS if their channel gain exceeds the threshold, otherwise a “0” is sent. The BS selects randomly from among eligible users for data transmission. If all the feedback bits received by the BS are zero, then no signal is transmitted in that interval (BS can also randomly pick a user for transmission to avoid waste, however, in the asymptote of large number of users this has vanishing advantage). In order to find the optimal threshold the sum-rate capacity should be maximized. A closed form solution to this problem is in general not tractable. However, a numerical solution is possible with O(n) complexity. Fig. 5 shows the optimal threshold for several SNR values. It can be seen that the optimal threshold scales logarithmically with number of users [4].
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For a single-beam system, it was shown [4], that the 1-bit algorithm achieves the same capacity growth as full-CSI feedback subject to judicious choice of the threshold. It was also shown that the 1-bit scheduling actually improves fairness over a full-CSI feedback. Fig. 6 compares the sum-rate capacity of the 1-bit scheduling and full CSI scheduling, suggesting that there is not much gain in spending more than one bit for quantizing channel gains. Therefore it is reasonable to use any extra feedback, above one bit to exploit beam-forming gain. The performance of any opportunistic beam-forming system is bounded above by the full-CSI performance, and bounded below by antenna selection. In [4] , it is shown that opportunistic antenna selection has capacity growth log log n, it has the same capacity growth as the full-CSI case. Therefore a sandwich argument shows that any opportunistic beam-forming method can attain capacity growth log log n.
The above scheme is proposed in single beam systems. Sharif and Hassibi [5] proposed a multi-beam system that has a higher capacity growth than single-bema systems. In this scheme, M random orthonormal beams is constructed and sent to users with the highest SNR. In this sense, it is in the same spirit as the work of [1] where the transmission of random beams is also proposed. Therefore, when the transmitter and receivers have full CSI, the sum rate capacity scales linearly with M. When the number of users grows and is fixed, it is proved that the throughput scales like M log log n. Moreover, it shown that for the case with more than one receive antenna (N>1), and by using random beam-forming, the throughput of this scheme scales as M log log nN when M is fixed and for any N. This implies that increasing the number of receive antenna has no significant impact on the throughput [5].
Figure 7 shows a comparison of the throughput of various methods. The best performance is that of coherent opportunistic beam-forming (CO), where the multiple-antenna transmitter has full knowledge of the channel of all users, and in each time interval beam-forms towards the best user. This method requires high amounts of feedback. With a slight loss of throughput, one may use antenna selection, where instead of full beam-forming, the transmitter selects one of the antennas. In other words, with the knowledge of user channels, the transmitter picks the best transmit antenna and user among all possible such pairs. Opportunistic beam-forming (OB) as suggested by [1] has performance below that of opportunistic antenna selection. Finally, each of the last two cases can be quantized, resulting again in some loss of throughput. The quantized methods shown in Figure 2 are simulated with one bit per user, i.e., with two transmit antennas at the base station, where for transmission to each user the better transmit antenna is selected.
V. OPPORTUNISTIC BEAMFORMING VERSUS SPACE–TIME CODES
The use of multiple transmit antennas to perform opportunistic beam-forming was motivated by taking a multi-user communication system point of view. On the other hand, 
[image: image27]there are schemes, referred to as space–time codes, which use multiple transmit antennas in a point-to-point communication scenario. The best known space–time code for a pair of transmit antennas at the base station is given by Alamouti [6].

Observe that unlike the opportunistic beam-forming scheme, the effective channel of each user does not change with time in a slow fading environment. In this static environment, the proportional fair scheduling algorithm reduces to equal-time scheduling. Comparing this performance with that under opportunistic beam-forming, we see for large number of users, that users are also allocated equal time but the effective SNR when a user is transmitted to is twice that in the Alamouti scheme [1]. This is the so-called “3-dB gain” achieved from transmit beam-forming. Actual transmit beam-forming requires the measurement and feedback of the phases and amplitudes of both the channels to the transmitter. The opportunistic beam-forming scheme achieves this performance using minimal measurement and feedback from each receiver: SNR of the overall channel.
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VI. Conclusion

In this paper we investigate communication in the presence of strictly limited feedback in the downlink of multi-antenna, multi-user systems. We propose and investigate a method where one bit of feedback is used for multi-user diversity and the remainder of feedback bits are used for array gain, showing that it has growth rate as good as single-beam opportunistic beam-forming with unlimited feedback. It is possible to reduce the feedback rate even further through MAC layer mechanisms. For example, we may allow the users to send their CSI feedback not in dedicated channels, but jointly in a contention-based channel. In this case, the signaling can be designed such that any users whose downlink channel is below the prescribed threshold will stay silent, and only transmit-eligible users will send feedback. This will reduce the load on the feedback channel. A similar approach applies to a CDMA feedback channel, where the users below the threshold stay silent, thus reducing the load on the interference-limited feedback channel and achieving better efficiencies.
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Fig. 2 The same signal is transmitted over the two antennas with time-varying phase and powers [1].
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Fig. 1. Sum capacity of two channels, Rayleigh fading and AWGN, with average SNR=0dB [1].
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Fig. 4 Total throughput as a function of the number of users under Rician fast fading, with and without opportunistic beam-forming [2].
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Fig. 3 Plot of spectral efficiency under opportunistic beam-forming as a function of the total number of users in the system [2].
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Fig. 5 Optimal threshold vs. number of users for different SNR values [4].
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Fig.7 Comparison of the throughput of various methods at SNR=10dB [3].





�


Fig. 6 Comparison of sum-rate capacity for limited and full CSI feedback scheduling for different values of SNR (M = 1) [4].
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