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SUMMARY

This paper studies the problem of queue control and user scheduling in multi-antenna broadcast (downlink)
systems under zero forcing beamforming transmit strategy. In the system, we assume that the data packet
arrives randomly to the buffered transmitter. By taking the broadcast channel as a controlled queueing
system, we deduce the property of queue control function that maximizes the weighted system throughput
while guarantees the delay fairness among users. We also present a low-complexity user selection algorithm
with the consideration of queue state and channel state together. Simulation results show that the joint
queue control and user selection policy can achieve considerable fairness and stability among users.
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1. INTRODUCTION

Multiple-input multiple-output (MIMO) system is well motivated for wireless communications
through fading channels because of the potential improvement in transmit rate or diversity gain [1].
It is well known that multiple antennas can be easily deployed at base station in cellular systems.
However, mobile terminals usually have a small number of antennas due to the size and cost
constraint. Thus, it may appear that we cannot obtain significant capacity benefit from the multiple
transmit antennas. This is true with the transmit strategy of time division multiple access [2].
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To solve the problem, multiuser must be served simultaneously. One way to accomplish this is
called dirty paper coding (DPC), which is a multiuser encoding strategy based on interference
presubtraction [3]. But DPC is of high complexity, and hence a much simple transmit strategy,
zero forcing beamforming (ZFBF) technique has been proposed for space division multiple access
to remove the cochannel interference in MIMO downlink systems [4–7].

In ZFBF multiplexing, an issue that has not been treated thoroughly in the literature is how to
control data queue in transmitter. This is the problem of resource allocation (such as power and
bandwidth) and user scheduling in order to perform desirably with respect to the criteria such as
fairness or throughput [8]. This problem has attracted great interest in the recent years [9–11].

Under random packet arrival, the notation of ‘fairness’ is replaced by the notation of ‘stability’
[8, 12, 13]. The system goal is to stabilize the K transmission queues whenever the arrival rate is
inside the stability region in the system.

User scheduling algorithms proposed in the literatures most commonly ignore queuing and
randomness in packet arrivals and hence cannot offer stability guarantee. This is true in some
scheduling algorithms that aim to satisfy a fairness criteria, such as proportional fair scheduling [2].

A guiding work that incorporates randomness and stability issues has been presented in [13],
where the network capacity region is defined as the region of the input data rates making system
stable. It is shown that this region is achievable by a maximum weight matching (weights related
to queue length). Based on those definitions, Neely et al. [12] consider a broadcast scenario under
time division and demonstrate a schedule algorithm that achieves the system capacity region.
Similarly, Vishwanathan and Kumaran [14] show that a throughput optimal policy is a maximum
weight matching in the form of max

∑
i �i qi ri , where qi and ri are the queue length and service

rate of the i th user, respectively, �i is a nonnegative constant. In addition, in broadcast system,
Airy et al. [15] compare several user scheduling policies.

In this paper we formulate the general broadcast scheduling problem, where packet arrivals into
the users queues are random processes. It is established that a throughput optimal schedule in the
downlink channel is the one that chooses a group of users and corresponding rates from the DPC
region to maximize g(q) ·r , where g(q) is a function of queue length q , and r is transmit rate.
However, this solution is of high complexity, not only due to the complexity of obtaining the DPC
region but also due to searching for an ordered subset of users out of total users. Therefore, ZFBF
is an attractive technique in multiplexing scenario as it does not incur the user ordering problem
and has lower coding complexity. Thus, in this paper we consider ZFBF strategy that demonstrates
good performance with low complexity. The contributions of this paper are as follows

1. We give the property of the queue control function which can guarantee queue equal among
the active users.

2. We have compared the fairness performance by using different queue control functions.
3. We give the upper bound of the weighted throughput with queue control function.
4. We propose a low-complexity user scheduling algorithm under ZFBF multiplexing.

This paper is organized as follows. We outline the system model and the transmit strategy of
ZFBF in Section 2. In Section 3, the queue and power control policy are presented. We analyze the
scheduling algorithm under ZFBF multiplexing in Section 4. The simulation results are presented
in Section 5. Finally, we conclude this paper in Section 6.

Notations used in this paper are as follows: (·)T denotes matrix transpose, (·)H denotes matrix
conjugate-transpose, E[·] denotes statistical expectation, (·)† is pseudoinverse matrix and tr(·) is
matrix trace.
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2. SYSTEM MODEL AND MULTIUSER TRANSMIT STRATEGIES

2.1. Multi-user broadcast channel model

We consider a single cell MIMO BC system with a single base station supporting data traffic to
K users. As shown in Figure 1, the base station is with Nt transmit antennas and each of the user
terminal has a single receive antenna. We assume K�Nt . For simplicity, we assume that all the
users experience independent fading. We use a simple channel model where the channel gain from
a transmit antenna to a user is described by a zero-mean circularly symmetric complex Gaussian
random variable [2]. Here, we assume that hk ∈C1×Nt is the multiple-input single-output (MISO)
channel gain matrix to the kth user. Thus, the signal received by the user k is given by

yk =hkx+nk, k=1, . . . ,K (1)

where x∈CNt×1 is the transmit signal vector with a power constraint tr(E[xxH ])�P , and nk is
the complex Gaussian noise with unit variance per vector component (i.e. E[nnH ]=I).

At transmitter, we employ the ZFBF transmit strategy. In ZFBF, the scheduler first selects an
active user set S⊂1,2, . . . ,K , where |S|�Nt . Then, the transmitter assigns different beamforming
direction to each data stream in such a way that the interference at each receiver is completely
suppressed.

Denote hi , i=1, . . . , |S| as the channel to the i th active user and define H(S)=[hT1 , . . . ,hT|S|] as
the channel matrix of active user set. The transmit signal is expressed as

x=
|S|∑
i=1

√
Piwi si (2)

where si , wi , and Pi are data symbol, beamforming vector’s entry, and transmit power for the i th
active user, respectively. Then the received signal at the i th active user is given by

yi =
√
Pihiwi si +

|S|∑
j=1, j �=i

√
Pjhiw j s j +n j (3)
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Figure 1. Block diagram of multi-antenna broadcast system with queue control.
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and the sum rate achieved by ZFBF is [4]

RBF= max
wk ,Pk

log

⎛
⎝ 1+∑|S|

j=1 Pj |hkw j |2
1+∑|S|

j=1, j �=k Pj |hkw j |2

⎞
⎠ (4)

subject to

K∑
k=1

‖wk‖2Pk�P (5)

In this paper, we assume that the base station has perfect channel state information (CSI) of all
the downlink channels, while each of the users only has the CSI of its own downlink channel and
does not know the CSI of downlink channel of other users.

Figure 1 also depicts a cellular network with K flows transmitter buffers in the base station. In
Figure 1, H(t), Q(t), and Ai (t) are CSI, queue state information and data arrival rate of user i ,
respectively. We assume that time is slotted and let qk(t) denote the size of the kth queue at the
beginning of the time slot t , ak(t) denotes the number of arrivals to queue i in time slot t , and
rk(t) denote the amount of service rate offered to queue k in slot t . We assume that each of these
parameters can only be nonnegative. Then the evolution of the size of the kth queue is given by

qk(t+1)=(qk(t)+ak(t)−rk(t))
+ (6)

where (y)+ =max{y,0}, and k=1, . . . ,K .

2.2. Multi-antenna ZFBF

In this subsection, ZFBF in multi-antenna broadcast channel (BC) is introduced. It is well known
that multiple transmit antennas can potentially yield an Nt -fold increase in the sum capacity, where
Nt is the number of transmit antennas. Yoo and Goldsmith [2] show that employing ZFBF to a set
of Nt nearly orthogonal users with large channel norms is asymptotically optimal as the number
of users grows large.

In ZFBF, the beamforming matrix takes a pseudoinverse of the channel matrix. By this way, a
respective data stream of each transmit antenna can be decoupled and thus sent to its desired user
without interfering with other users. In multiuser MISO case, we first select a user subset S to be
served together, where subset size |S|�Nt , and then build up the corresponding channel matrix
H(S) of the user set. The beamforming matrix W(S) is written as

W(S)=H(S)H (H(S)H(S)H )−1 (7)

As a result, the achievable throughput of ZFBF for a given user set S is given by

RZFBF(S)= max∑
i∈S b

−1
i Pi�P

∑
i∈S

log2(1+Pi ) (8)

where

bi = 1

[(H(S)H(S)H )−1]i,i (9)

is the effective channel gain of the i th user and the power Pi is obtained by waterfilling.
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Note that the bi in (9) has an important geometric interpretation as noted in [4], i.e. the distance
squared of the i th user channel from the span of every other user channels in the activation set.

3. RESOURCE ALLOCATION AND STABILITY

3.1. Resource allocation with random arrival

All the previously investigated transmission schemes can incorporate the adaptive max-stability
policy of [8, 12]. Then the policy is to maximize the weighted sum of instantaneous rates
max

∑
k∈S g(qk(t))rk(t), where g(qk(t)) is the function of queue length and S is the active user

set in time slot t .
Therefore, we shall investigate the algorithms for the weighted-sum-rate maximization under ZF

strategy, which is the most attractive scheme in practice. Packets for the i th source are stored in the
i th buffer until they are served. The transmission power Pi (t) and rate ri (t) used by transmitter i
at time t are to be dynamically allocated so as to optimize throughput and delay.

We now explicitly pose the dynamic resource allocation problem. For each i , i=1, . . . ,K , let
qi (t) be the number of untransmitted bits (unfinished work) in queue i at time t . Consider a
stationary controller which at any time channel state H(t) and queue state q(t) outputs power
allocation P(t) and rate allocation r(t). The controller first chooses a power control policy

P=P(H,q) (10)

Here, Pi =Pi (H,q) is the power allocated to transmitter i in response to fading state H and queue
state q . Next, the controller chooses a rate allocation policy R which satisfies the power constraint.
For a given P, the controller is allowed to allocate any rate in the BC region induced by the power
policy P. Then the rate control policy is

r =R(H,q)∈CBC(H, P) (11)

where CBC(h, p) is given by (24).

3.2. Stability and throughput optimization

ZFBF inverts the channel matrix at the transmitter so that orthogonal channels between transmitter
and receivers are created. It is then possible to encode users individually, as opposed to the more
complex long-block-vector coding generally needed to implement DPC.

In practical wireless communication systems, large queue lengths will either result in large
delays or lead to large amount of packet losses in the system when the buffer size is limited. Both
will negatively affect the quality of service experienced by users. Our goal is to achieve fairness
operation that stabilizes the system. In other words, our work is to keep equal queue length among
active users even though each user has different arrive rates.

The queue and power control problem is given by

max
∑
i∈S

g(qi ) ·ri
s.t.

∑
i∈S

Pi�P, q1�q2� · · ·�qn
(12)

where n is user set size.
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Proposition 1
Let g(q) be the function of queue length q . Then to reach equal queue length among active users,
the second-order deviation of queue function should be

d2

dq2i
g(qi )=0

where qi is the queue length variable of the i th user.

Proof
From (12), the Lagrangian is

L(q,r,�,v)=∑
i∈S

g(qi ) ·ri +�

(∑
i∈S

Pi −P

)
+∑

i∈S
vi (qi −qi+1) (13)

Then its subgradient is given by

�
�qi

L(q,r,�,v)= d

dqi
g(qi ) ·ri +(vi −vi−1)=0 (14)

We define qn+1=0 and v0=0, then∑
i∈S

vi (qi −qi+1) = ∑
i∈S

(vi qi −vi qi+1)

= v1q1−v1q2+v2q2−v2q3+·· ·+vi qi −vi qi+1+·· ·+vnqn−vnqn+1

= q1(v1−v0)+q2(v2−v1)+·· ·+qi (v1−vi−1)+·· ·+qn(vn−vn−1)

= ∑
i∈S

(vi −vi−1)qi (15)

Equation (14) implies that

(vi −vi−1)=−
(

d

dqi
g(qi )

)
·ri (16)

Equations (13), (15), and (16) imply that

L(q,r,�,v)=∑
i∈S

g(qi ) ·ri +�

(∑
i∈S

Pi −P

)
−∑

i∈S
d

dqi
g(qi ) ·ri ·qi (17)

Then, its subgradient is given by

�
�qi

L(q,r,�,v) =
(

d

dqi
g(qi )

)
ri − d

dqi

(
d

dqi
g(qi )riqi

)

= dg(qi )

dqi
ri − d2g(qi )

dq2i
ri qi − dg(qi )

dqi
ri

= −d2g(qi )

dq2i
ri qi =0 (18)
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because riqi �=0, thus
d2

dq2i
g(qi )=0 (19)

�

Thus, (19) gives us sense to define a queue function g(q) to guarantee the equal size for the
active user subset.

While in realwirelessnetwork, therewill ben�K ,wheren is thenumberof activeusers inone time
slot and K is the number of total users in the system.Because the above optimal queue control function
can only make the queue length of active user set to reach equal in one time slot, thus, Proposition
1 cannot guarantee the fairness among all users. Thus, to achieve better fairness among users, it
is necessary to do some adjustment on the queue function g(q) presented in Proposition 1. Here,
we define g(q)=qm ,m�0 as a queue function. Then the system optimization problem become

maxqm(t) ·r(t) (20)

Note that when m=0, (20) is the throughput maximization problem without fairness consideration
and a classic stability problemwhenm=1. Becausem=0 and 1 are two special cases, we take amore
general case qm in user scheduling, and select properm for desired performance.

4. JOINT SCHEDULING POLICY OF ZFBF MULTIPLEXING

In this section, we first analyze the upper bound of weighted throughput with queue function, and
then present a low-complexity user scheduling algorithm.

4.1. Upper bound of weighted throughput

Define f (q,r)=∑i∈S g(qi )ri , our goal is to
max f (q,r)=max

∑
i∈S

g(qi )ri (21)

where S is the active user set. Similar to the analysis in [16], we can get the following theorem.

Theorem 1
With a total power constraint, we have

max f (q,r)=max
∑
i∈S

g(qi )ri�max

(∑
i∈S

g(qi )

)(
log2

(
1+ P

tr(W−1
S )

)
+D(g(qSi )‖bSi )

)
(22)

where WS =H(S)H(S)H ,

bi = 1

(W−1
S )i,i

,
∑
i∈S

Pi/bi�P, g(qSi )= g(qi )∑
i∈S g(qi )

, bSi = bi∑
i∈S bi

and D(·‖·) denotes the Kullback Leibler distance.

Proof
Under ZFBF, our problem becomes,

f (q,r)= max∑
i Pi/bi�P

∑
i∈S

g(qi ) log2(1+Pi ) (23)
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Therefore, the Lagrangian is:

L(q, p,�)=∑
i∈S

g(qi ) log2(1+Pi )− 1

�

(∑
i∈S

Pi/bi −P

)
(24)

Then, we get

�L
�Pi

=g(qi )
1

1+Pi
− 1

�bi
=0 (25)

Then we have

Pi =�g(qi )bi −1 where
∑
i∈S

(
�g(qi )− 1

bi

)+
= P (26)

Noting that

�=
P+∑i∈S

1

bi∑
i∈S g(qi )

we get

f (q, S)=∑
i∈S

g(qi ) log2(1+Pi )=∑
i∈S

g(qi ) log2(bi g(qi )) (27)

By the cofactor expansion for the inverse, we have,

bi = det(H(S))H(S)†

det(Mi,i (H(S)H(S)†))
� A(S)

Mi,i (S)
(28)

Returning to (27), we get

f (q, S) = ∑
i∈S

g(qi ) log2(1+Pi )

=
(∑
i∈S

g(qi )

)
log2(�)+∑

i∈S
g(qi ) log2(g(qi )bi )

�
(∑
i∈S

g(qi )

)⎡⎣log2
⎛
⎝ P+ 1

A(S)

∑
i∈S Mi,i (S)∑

i∈S g(qi )

⎞
⎠+∑

i∈S
g(qi ) log2(g(qi )

A(S)

Mi,i (S)

⎤
⎦

=
(∑
i∈S

g(qi )

)[
log2

(
PA(S)∑
i∈S Mi,i (S)

+1

)
+∑

i∈S
g(qSi ) log2

(
g(qSi )

bSi

)]

=
(∑
i∈S

g(qi )

)⎡⎣log2
⎛
⎝ P∑

i∈S
1

bi

+1
⎞
⎠+D(g(qSi )‖bSi )

⎤
⎦ (29)

�
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This theorem provides significant insight into user selection for ZFBF multiplexing for maximize
the weighted throughput. Particularly, (29) may be broken up into three main parts, i.e. the queuing
gain

∑
i∈S g(qi ), the geometry gain,

log2

⎛
⎝ P∑

i∈S
1

bi

+1
⎞
⎠

and the pairing gain D(g(qSi )‖bSi ) [16]. Here, we consider the queue control and access control in
multi-user scheduling, which is more practical in communication systems. The work that considers
queue control in multi-user scheduling extend the work in [16], and present new insight into
multiuser communication. Since the queuing gain captures the significance of the magnitude of
the queue state, the geometry gain captures the effects of the channels, the two parts are main
properties in (29).

4.2. Selecting semi-orthogonal user set with waterfilling

For a given set of channel gains and corresponding queue length, the weighted sum rate is
maximized by an orthogonal user set. As mentioned above, such a set of user has the largest
conditional ‘geometry gain’. In addition, since the channel matrix is orthogonal, zero-forcing incurs
no power penalty for inverting the channel and thus can approach the DPC rate region [2].

While in practice, for finite user number K , the probability of existence of an orthogonal set is
zero. Thus, we consider ‘nearly’ orthogonal user sets. To be precise, define two vectors v1 and v2
to be �-orthogonal if

|v1vH
2 |

‖v1‖·‖v2‖�� (30)

Here, we construct a low-complexity user group by combing the semi-orthogonal user selection
and waterfilling (SUSWF) algorithm, as outlined next.

(1) Initialization:

S1={1, . . . ,K }, i=1, S0=�(empty set) (31)

(2) For each user k∈ Si , calculate gk , the component of Hk orthogonal to the space spanned by
{g1, . . . ,gi−1}

gk =Hk−
i−1∑
j=1

HkgHj
‖g j‖2 g j (32)

When i=1, let gk =Hk .
(3) Select the i th user as follows:

si = argmax g(qk) log2

(
1+ P

Nt
‖gk‖2

)
(33)

S0 = S0∪{si }, hi =hsi , gi =gsi (34)

(4) Do waterfilling among selected users and reject the users that are under the waterlevel in
this step [17].
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(5) If |S0|<Nt , then calculate Si+1, which is the set of unselected users which is �−semiorth-
ogonal to gi

Sn+1=
{
k∈ Sn,k �=si | |hkgHi |

‖hk‖‖gi‖<�

}
(35)

(5) Increase i by 1.
where � is a small positive constant that is defined as (30). If Sn+1 is nonempty and |S0|<Nt ,
then go to step 2. Otherwise, the algorithm is finished.

User scheduling algorithm based on semi-orthogonality has been proposed in [18, 19]. A
similar algorithm to the SUS has been proposed in [2]. While in [2], stability and queue control
are not considered. Furthermore, we added waterfilling process in user selection. Dimić and
Sidiropoulos [17] point out that in the algorithm of user selection, the water level will decrease
in the next iteration. Thus, the users rejected in this iteration will be rejected in the next iteration.
Therefore, the advantage of step 4 is that it can reduce the complexity (running time) by eliminating
those weaker users in this subsequent iteration.

5. SIMULATION RESULT AND DISCUSSION

In this section, numerical results for the queue control of weighted SUSWF are presented. The
considered multiuser MIMO system in BC with the number of transmit antenna is Nt =4 and each
user has a single receive antenna. We assume that the power in the simulation is P=15dB. With
spatial multiplexing, the number of data streams does not exceed the number of transmit antennas.
We also assume that the channels between different transmit and receive antennas are independent.

0 20 40 60 80 100 120 140 160 180 200
0

5

10

15

20

25

30

35

40

45

50

Iteration (m=2)

Q
ue

ue
 s

iz
e

Figure 2. The queue length in multi-antenna broadcast channel with m=2.
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To be simple, we define a special queue function g(q)=qm and consider 20 users in simulation.
We assume that at least one user queues are served in one time slot. In this scenario, the scheduling
algorithm is equivalent to serving the users that solve f (t)=argmaxi∈S

∑
qm(t)r(t). We consider

each queue with mutually independent arrival processes such that Ak(t) is with rate �k (bits/channel
use), and let the rate vectors, (�1(t), . . . ,�K (t)) be randomly created between [0,1]. We also
assume that the number of arrivals in each slot to each queue is Poissian distributed.

A. Experiment 1: The first experiment tests the average queue length with m=2 in queue control
function qm . In this experiment, the queue control carry out from the 15th iteration. Figure 2 shows
that by queue controlling function, the system can become stable after few times of iteration.

B. Experiment 2: This experiment is about the fairness among multi-users. Here, we use the
variance value of the multi-user queue length to denote the fairness. In other words, large variance
value implies poor fairness while small variance value denotes good fairness performance among
users. In this experiment, we calculate the normalized variance value with different m. Figure 3
shows that the variance decreases with the increment of m. Thus, to get the fairness among users,
the selected m should not be very small.

C. Experiment 3: The third experiment is about the average sum throughput of different m.
Owing to the variance value being very large when m<1, which is shown in the above experiment,
we only consider the scenario of m�1 in this experiment. By 10 000 times of iteration, Figure 4
shows that the average throughput is almost the same, which implies that m�1 is a good option.
The unit of unit of throughput in Figure 4 is bits/Hz/s.

D. Experiment 4: This experiment tests the average queue length with different m. We only
consider m�1 as the above experiment. We calculate the average queue size by 10 000 times of
iteration. Figure 5 shows that the sum queue length increases slightly with the increment of m.

E. Experiment 5: The last experiment is about the stability of the system with queue control. In
this experiment, we test the input rate and the output rate, and we also test the queue size of each
user. We carry queue control from the 20th iteration. From Figure 6, we can see that the system
with queue control is stable, and the input rate and output rate also show the equilibrium.
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Figure 3. Variance of queue length with different m.
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Figure 4. The expectation of throughput with different m.
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Figure 5. The expectation of queue length with different m.

6. CONCLUSION

In this paper, we have presented a framework of joint queue control and user scheduling. The
function of queue length should be correctly selected. Based on the queue length function, we
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Figure 6. The input–output throughput and queue length with m=1.

derive the upper bound of the weighted throughput. By jointly considering channel gains and queue
states, we present a low-complexity user selection algorithm which is named as SUSWF.

In simulation experiments, we select a special queue control function as g(q)=qm in simulation,
and the simulation results show that queue control policy is critical in fairness user scheduling.
In this paper, we take a special case of queue control function, while the design of the queue
function is still very challenging and interesting for future works.
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