User Scheduling in Pilot-Assisted TDD Multiuser
MIMO Systems

Zhiyuan Jiang, Student member, IEEE, Sheng Zhou, Member, IEEE, and Zhisheng Niu, Fellow, IEEE
Tsinghua National Laboratory for Information Science and Technology,
Department of Electronic Engineering, Tsinghua University, Beijing, 100084, China
jiang-zy 10 @mails.tsinghua.edu.cn, {sheng.zhou,niuzhs} @tsinghua.edu.cn

Abstract—User scheduling in multiuser multiple-input-
multiple-output (MU-MIMO) systems is fundamentally different
with single-user systems!, in the sense that without spatial
multiplexing, users in single-user systems are sharing the time-
frequency degree-of-freedoms (DoFs), whereas in MU-MIMO
systems, due to the fact that the number of spatial DoFs scales
with the number of users (assuming sufficient base station
(BS) antennas), users are not sharing the DoFs, but rather
creating additional DoFs for their own use. However, instead
of limited by the available DoFs, the number of simultaneous
users are limited by the channel state information (CSI) ac-
quisition overhead in pilot-assisted MU-MIMO systems. In this
paper, we investigate the user scheduling scheme in pilot-assisted
time-division-duplex (TDD) MU-MIMO systems. Leveraging the
Lyapunov optimization techniques, we derive the throughput-
optimal scheduling policy which serves as a performance bound
due to its non-causality and high complexity. We then propose a
heuristic scheme, which is causal and substantially decreases the
complexity. Moreover, it performs fairly close to the optimum.

I. INTRODUCTION

Multiuser  multiple-input-multiple-output  (MU-MIMO)
technology enables simultaneous (on the same time-frequency
resource) data transmissions to a multiplicity of user terminals
via distinguishable spatial modes. With perfect channel state
information at transmitter (CSIT) and at receiver (CSIR), the
capacity of the MU-MIMO system is significantly larger than
that of single-user systems [1].

Despite the vital importance of CSIT, existing literature
usually assumes that the CSIT overhead is negligible, and thus
the MU-MIMO system can accommodate a large number of
simultaneous users, especially in the massive MIMO system,
where a vast excess number of base station (BS) antennas
are deployed and the time-division-duplex (TDD) mode is
leveraged to explore the channel reciprocity [2]. However,
even with the TDD mode, the CSIT acquisition process can
entail significant overhead when a large number of users
are scheduled concurrently in a limited-coherence channel.
The problem has been scantly treated in the literature, which
motivates our work.

In this paper, we investigate the design of user scheduling
scheme, also referred to as dynamic channel acquisition (DCA)
scheme, to maximize the throughput of the TDD MU-MIMO

ISingle-user systems in this paper refer to systems wherein each time-
frequency resource is dedicated to one user, e.g., in 3G systems, users share
system resources by using different code-sequences, and single-user MIMO
systems.

system downlink, on account of the user queue information
(UQI) and the channel acquisition overhead. A unique issue
that we address is that users have distinct channel coher-
ence times’. The major contribution is that based on the
Lyapunov-drift optimization, we formulate the generic user-
scheduling problem as the genie-aided optimization problem
(GAP). The corresponding user scheduling scheme, referred
to as the GAP-rule, is proved to be throughput-optimal,
i.e., it stabilizes the system as long as the arrival rates
are inside the capacity region. In view of the fact that the
GAP-rule is practically infeasible due to its complexity and
non-causality, we propose a heuristic scheme, namely the
queue-based quantized-block-length user scheduling scheme
(QQS), which substantially reduces the complexity and also
is practically feasible. It is shown by simulations that the QQS
is asymptotically throughput-optimal under the conditions that
the system dimension is large and the user coherence times
can be approximately grouped such that in each group the
user coherence times are identical.

The paper is organized as follows. Section II describes
the system model and gives some preliminary knowledge. In
Section III, the GAP is formulated to maximize the Lyapunov-
drift. In Section IV, we propose the QQS. Section V gives
the numerical results. Finally, in Section VI, we draw the
conclusions. Throughout the paper, we use boldface uppercase
letters, boldface lowercase letters and lowercase letters to
designate matrices, column vectors and scalars respectively.

II. SYSTEM MODEL AND PRELIMINARIES

We consider the downlink (forward-link) of a single cell
where an M -antenna BS serves N single-antenna users, and
one channel use® is characterized as

y(t) = H(t)z(t) + 2(1), (1)

where x(t) € CM denotes the complex transmit signal
vector of M antennas at the BS, ¢ in the bracket denotes
the index of channel use, y(t) € CV denotes the receive
signal vector of N single-antenna users, z(¢) denotes the
cyclic symmetric zero mean complex Gaussian additive noise,
ie, z(t) ~ CN(0,0%Iy), and H(t) € CN*M denotes
identically independently distributed (i.i.d.) Rayleigh fading

2This is due to different user mobilities and scattering environments.
3A channel use, or a time slot, corresponds to an independent complex
signal-space dimension in the time-frequency domain.



coefficients with unit-norm entries. In particular, we consider
linear precoding, where*

x(t) = ()W (t)s(t), 2)

where ((t) is the power normalization factor with ((t)? =
W, P is the total transmit power, W (t) is the
precoding matrix, and s(t) denotes the i.i.d. user data streams.
The signal-to-interference-noise ratio (SINR) of user-n is
written as,
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where we write H(t) = [hl(t),hg(t),...,hN(t)]T and

W(t) = [wi(t), w2(t),..., wn(t)]. Furthermore, let Q,(t)
denote the queue length in bits of user n at the beginning
of t-th channel use, let a,,(¢) denote the number of arrival bits
from upper layer to the physical layer between (¢t — 1)-th and
t-th channel uses, and let p,(t) denote the allocated number
of service bits to Queue-n, which equals the allocated service
rate (bits/channel use) in this case. Then the queuing dynamics
are written as

Qn(t+1) = Qu(t) — fin(t) + an(t), “)

where [i,,(t) = min{Q,(t), ()} denotes the actual service
number of bits, considering the circumstances that sometimes
the queue is emptied given the amount of allocated service
bits.

Definition 1: Queue-n is said to be strongly stable if [3]

lim sup — Z E[Qn(t) 00, ()

T—o0

when there is no bound on the buffer size for any n.
When all queues are strongly stable in the system, the time-
average actual service rate equals the arrival rate, i.e.,

:%;H;onan S

Notice that the left-right-side is the time average of the
realizations of the actual service rate, thus we do not need
the expectation to hold (6).

The achievable ergodic rate region R is defined as the
convex hull of all achievable rate points of n users. Denote
all the feasible transmission schemes as X. Under a fixed
transmission scheme® 7s € X, the user achievable rate point
is defined as the time-average of user rates

k&fZ%

R, =Tlgnw—ZR ms(t), Vn, (7)

4Notice that W (t) can be any general linear precoding matrix,
whereas we adopt the zero-forcing precoding matrix, ie., W(t) =
H)T(H(t)H(t)')~! in the simulations.

5A transmission scheme here means a realization of resource allocation, or
user scheduling scheme, with a fixed precoding scheme which is zero-forcing
in the simulations in Section V.

where R, (H(t),7s(t)) is defined as the transmission rate
of user-n with channel realization H (¢) and user scheduling
decision 7, (¢). Based on the ergodicity, (7) equals

n — E{Rn(H77rs)}a an (8)

where the expectation is taken over all possible channel gain
H (t) and possibly 74()®. The achievable ergodic rate region
can be characterized as

R = coh U {R:0<R

TsEX

<E[R.(H,7,)]}, O

where R is a N-dimensional region, R,, is its n-th component,
and “coh” denotes “the closure of the convex hull”.

Definition 2: (Throughput-Optimality) A scheduling
scheme is throughput-optimal if for any arrival rate point
inside the achievable ergodic rate region, the system can be
stabilized by the scheduling scheme.

Note that the throughput in this paper refers to the downlink
throughput, not concerning uplink throughput. We consider a
generic scenario where each user has its distinct block length,
which denotes the number of consecutive channel uses that the
user-channel stays static, or referred to as channel coherence
time for brevity. The block fading channel model is adopted
in this paper, where every user’s channel stays constant for
T,, consecutive channel uses, and changes to another constant
according to an i.i.d. (over time and users) random process.
Denote by T, the channel coherence time of user-n, and let
T ={Ty,Ts,...,Tn}".

In this work, we assume that for every T,, time slots, the
BS uses the uplink channel training symbol (TDD mode is
considered here) to estimate the channel of user-n. By doing
this, we assume the BS obtains the perfect CSIT of user-
n. Note that this is actually an optimistic assumption on
the MU-MIMO system, since normally we can only get a
noisy version of the CSIT, and the system has to do the
channel training more than once to obtain a more accurate
estimation. Nonetheless our results can be extended to this
scenario directly by multiplying the training length with a
predefined factor, taking into account the imperfection of
channel estimation [1].

III. GENIE-AIDED DYNAMIC CHANNEL ACQUISITION

In this section, we first formulate the generic DCA optimiza-
tion problem, the GAP, which maximizes the Lyapunov-drift
every scheduling step with the aid of a genie who provides
the BS the instantaneous channel coefficients before channel
estimation. The resulting scheduling scheme, albeit practically
infeasible, is termed as the GAP-rule. Due to the throughput-
optimality, the GAP-rule serves as a performance bound in
this paper. In the next section, we will propose a heuristic

SWhen a randomized control policy is considered.

"The distinction of user block lengths is due to the fact that there are
several factors that can affect the block length of each user, such as distinct
user-mobility, scattering environment nearby, frequency offset and etc. We
assume the BS knows the channel coherence time a priori, since channel
coherence time is a second-order channel statistics, which can be regarded to
be static for a relatively long period.



algorithm, which is the practically feasible version of the GAP-
rule and also shows near-optimal performance. Note that we
assume the coherence times of all users are known to the BS,
since the channel coherence time is usually changing slowly,
about seconds to tens of seconds, and thus it can be estimated
efficiently.

A. GAP

The generic user scheduling optimization problem, namely
GAP, is formulated based on the framework of [3]. To stabilize
the system whenever the arrival rate is inside the achievable
rate region, the optimization boils down to select the users
which optimize the Lyapunov drift in each scheduling step,
ie.,

- Qn (tk)Bn (tr)
- 10
ma&é%nj\lflze [Z T , (10)
nes
where S is the optimization variable which denotes the set of

scheduled users, A is the overall user set.

Bulte) = { (T — SDr(t) 151> 1,

11
TyrSTC () if |S| =1, ()

where 3, (tx) denotes the allocated service bits of user n at
time %, and

rSM(te)=log (1+{), (12)
2
STC(; \_ ([P (t)|I”P
and
min [T},], if |S] > 1,
T, = { "€S (14)
Tste, if 8] = 1.

The objective in (10) can be seen as the queue-size-weighted
sum of the user service rates. Since we assume the users
each occupies one uplink training channel use to obtain a
perfect CSIT, the time/frequency resource dedicated to channel
estimation is the number of simultaneous transmission users
and the remaining resource is Ty — |S| in (11). Tsrc is a
predefined constant. When the number of selected users is
larger than one, spatial multiplexing is enabled with user rate
rSM(t;,) and channel estimation overhead |S|. Otherwise, STC
is leveraged to serve one user at a time without channel
estimation overhead with rate r57C ().

It is clear that the rates in (12) and (13) cannot be evaluated
to proceed the optimization in practice unless we have a
genie who provides the BS all the channel coefficients without
having to do the channel estimation. Most existing literature
assumes the CSI is known a priori [4] without considering
the acquisition overhead, or coarse knowledge of CSI is
available [5], neither of which is practical when the channel
coherence time is short. Even supposing the genie is available,
the algorithm is still NP-hard under generic linear precoding,
meaning that we have to exhaustively search all the user sets
to obtain the optimum. Therefore, in the next section, we will
propose heuristic algorithms, which are much more practical
and meanwhile with little to none performance degradation.

Data transmission to
user 1 (STC)

Data transmission to
user 2 and 4

Data transmission to
user 1-4

11213] 4

N
S

Uplink training | |
pilot for user 2 | |

Fig. 1. A sample path of the control scheme. Only three frame transmission
is shown for simplicity.

Notice that the scheduling scheme adopts a variable frame-
length design. A sample path of the control scheme is shown
in Fig. 1. The scheduling scheme decides which set of users to
serve. If multiple users are chosen, the chosen users have to
send training pilots first to let the BS have the CSIT. The
frame length when multiple users are chosen is set to be
the minimum channel coherence time of the selected users.
In this way, during one frame, the channel estimations of all
scheduled users are meaningful. On the other hand, if only
one user is chosen, the BS will use the STC scheme, with
no channel estimation needed. Note that the assumption of
the frame length when multiple users are selected renders a
lower bound of the achievable rates since some users may have
remaining channel coherence times. However, this assumption
makes the Lyapunov drift analysis tractable. Otherwise, the
decisions of different scheduling stages would be dependent
due to the possible remaining channel coherence times of some
users, which makes the analysis much more difficult.

Specifically, the frame-by-frame queueing dynamics are
written as

Qn (tk-‘rl) = maX[Qn (tk) - /Bn(tk)a O] + ap (tk)7 n

where t; denotes the beginning of frame-k, 3, (tx) and o, (tx)
denote the allocated service bits and arrival bits during the time
interval [tg,tx11), respectively.

Theorem 1: (Throughput-Optimality of the GAP-Rule) Sup-
pose ay,(tx) is ii.d. over time and satisfies

15)

0< an(tk) < Amax; Vn,k‘ (16)

under the frame design described in Fig. 1, the GAP-rule is
throughput-optimal.

Proof: The proof is based on the framework of [3], with
the difference that our scheme adopts a variable frame-length
structure. We need to specify that the proof is still effective
in this circumstance. The detailed proof can be found in our
journal version [6]. |

Corollary 1: (The Ergodic Sum Capacity of the GAP-Rule)
The ergodic sum capacity can be computed by running the
following admission control and scheduling schemes:
Admission control: Before each frame, for every queue with
queue size @ (tx) < V, the number of arrival bits is set to
be Winax, Where V' and W, are constants®. Otherwise, there
are no arrival bits during this frame.

Scheduling: Schedule the users with the GAP-rule.

8For Typical values, V' and Wiax can be approximately 100-fold of the
arrival rate.



Then calculate the time-average sum arrival rate A,,,. We have

B
Aavg Z R* - V’ (17)
and the system is stable, where B is a finite constant, and
R* is the maximum ergodic sum rate, i.e., the ergodic sum
capacity.

Remark 1: Leveraging Corollary 1, by letting V' be suf-
ficiently large, we can find the maximum ergodic sum rate
of the GAP-rule. Theorem 1 establishes a throughput-optimal
scheduling scheme, whereas it is still unknown how to char-
acterize the achievable throughput, as well as the achievable
rate region explicitly. To this end, we provide Corollary 1
to calculate the maximum ergodic sum rate, which will help
us demonstrate the performance gain of the DCA scheme in
Section V.

IV. QUEUE-BASED QUANTIZED-BLOCK-LENGTH
SCHEDULING SCHEME (QQS)

Due to the fact that the GAP-rule described above requires
genie-aided CSIT, and that it is NP-hard, the scheme is
practically infeasible. To this end, we propose the QQS, corre-
sponding to the practical version of GAP-rule. In this section,
we will first specify the QQS, which bases its scheduling
decision solely upon the UQI, neglecting the channel fading
fluctuations. Additionally, to reduce the complexity, we divide
the users into groups according to their respective channel
coherence times, and schedule among different groups, based
on the intuition that serving users with significant channel
coherence time difference is not a good choice since the users
with longer coherence time will be encumbered. The QQS is
specified as

e Step 1) Initialization:

Denote the overall user set by A. Divide the users into
K groups, each of which denoted by Ny, k =1,2,..., K,
based on a uniform channel coherence time quantization

k—1 k
Nk = {n S N‘KTmax <T,< KTmax}» (18)

where Tix = max[T,], ¥n, and the users are indexed
by

Nk: {kl,kg,...,k|NH}, (19)
such that Qr, > Qr, > ... > Qk\NM' And
T=M|[T,,n € Ni], (20)
Fr={k1}, (2D
1=1, (22)
where M(-) denotes the empirical mean.
o Step 2) Group Selection:
Fork=1:K,
Fori=1:MN,
If
i+1 1 ¢
1— — oy — = >0, 23
( Te ) Qk1+1 Ty ;an (23)

let
Fr=F; U {ki+1} 24)
1=t + 1, (25)
Else, break for.
End for.
End for.
o Step 3): For each group k, compute
| Fk|
P, =max [{ (1 - = Z Qn
Tk neFy
UHQu : Vi e LI, 26)
and set
Fr =k, (27)

only if the maximization in (26) finds its maximum at a
single queue length, Qy;.
Let

k* = argmax[Py]. (28)

o Step 4): Output the scheduled user set Fp-.
[

Several technical details of the QQS should be mentioned.
By treating the block lengths of users in each group as
a constant, as in (20), and neglecting the channel fading
impact, Eq. (23) stems from the fact that it is sufficient to
check whether it is worth adding the user with the largest
queue size to the scheduled set. For (26), P, denotes the
pre-log factor of the queue-weighted sum rate for the k-
th group after we select the scheduled set Fj, considering
the possibility that scheduling one user with STC mode is
the better choice, i.e., the union with Q,. By selecting the
maximal k* = argmax[P], we find the optimal scheduled
group of users, within the heuristic of the algorithm.

Remark 2: 1Tt is clear that the computational complexity of
the QQS algorithm is O(N) because it only involves running
a sequential test of all the users, the GAP-based algorithms are
O(2™) because they do an exhaustive search over the user set.
The reason for the dramatic complexity decrease compared
with the GAP-rule is two-fold. First we group the users based
on their channel coherence times, and treating the users in
each group with identical channel coherence time. Note that
in practice, such a quantization is reasonable since the users
are usually categorized into several mobility states, see e.g.
[7, Section 5.2.4.3] for standardizations in the Long-Term-
Evolution (LTE) system.

Secondly, we neglect the impact of rate fluctuations due to
channel fading. Nevertheless, it can be anticipated that when
the number of BS antennas becomes large, i.e., in massive
MIMO systems, the user rates are no longer affected by
the small-scale channel fading, which is called the channel
hardening effect [2]. Therefore, the QQS is expected to be
asymptotically throughput-optimal in the large system regime.
This effect will be shown in the numerical results in Section
V.



TABLE 1
SYSTEM PARAMETERS

Parameters Value
Carrier frequency fc 2.6 GHz
Cell radius 1000 m
Bandwidth 15 KHz
Downlink SNR 15 dB
Total time slots 20000

Precoder Zero-forcing

Channel model ii.d. Rayleigh fading model

Sum Rate (bit/s/Hz)
™ ©
al O (%)l

[e2)

7.§ —— GAP-rule 1
—©—QQs

5 10 15 20 25 30 35 40 45
Number of BS antennas, M

Fig. 2. Cell sum rate of GAP-rule and QQS with user channel coherence time
given in Table II. The number of users N = 5. The number of user-groups
is K =2.
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Fig. 3. Cell sum rate of GAP-rule and QQS with Gaussian random user-
velocity. The number of users N = 10. The number of user-groups, i.e., K,
is optimized by exhaustive search.

V. NUMERICAL RESULTS

In this section, we show the performance of our proposed
schemes through computer simulations. The parameters used
in the simulations are shown in Table I. First, to illustrate
the performance of the QQS, we compare the QQS with the
throughput-optimal GAP-rule. The sub-optimality of the QQS
is shown, which stems from the fact that the QQS heuristically
makes two simplifications of the GAP-rule, namely ignoring
the channel fluctuations and quantizing the user channel co-
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—¥—GAP, M=100
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-©-QQs, M=10
—A-STC 1
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q
q
q
(0]

@
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»
S
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S
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Number of user groups, K

Fig. 4. Cell sum rate of GAP-rule and QQS with uniformly-distributed
random user-velocity. The number of users N = 10.

TABLE II
USER COHERENCE TIMES

User 1 User 2 | User 3 | User4 | User 5
100 100 100 5 5

herence time. In Fig. 2, we demonstrate the sub-optimality
due to neglecting the channel fluctuations, by letting the user
channel coherence times be naturally quantized, thus elimi-
nating the sub-optimality due to coherence-time quantization.
We consider a scenario when two types of users coexist: 2
high- mobility (60 km/h) vs. 3 low-mobility (3 km/h) users.
The user channel coherence times® in terms of the number of
channel uses are shown in Table II, according to

T =B, xT,

where B, = ﬁ and T, = ﬁ ¢ denotes the light
speed, Ad is related to the cell radius and v denotes the
user velocity [8]. We run the simulation of the algorithms for
20000 time slots, which is 1.3 seconds under these parameters,
and compute the sum rate by averaging the service rate and
Corollary 1. It is observed that the QQS is asymptotically
throughput-optimal, in the large-system regime. Despite of the
sub-optimality when the number of BS antennas is limited,
the rate-loss is marginal. Notice that even when M = 5,
the sum rate loss is approximately 0.5 bit/s/Hz, since it is
well-known that in MU-MIMO systems, the user-rates with
linear beamforming converge to the so-called deterministic
equivalents quite fast, when the system dimension goes up [9],
even with moderate M. Therefore it is reasonable to put aside
the channel fluctuations and focus on the queue information
as in the QQS.

Fig. 3 shows the QQS performance when the user coherence
times are random. We let the user-velocities be truncated
Gaussian distributed with mean 3 and 60 km/h'®, and the

(29)

9Note that we refer to the channel coherence time as the block length in
the block fading model in this paper. Because users in one cell usually have
identical channel coherent bandwidths, different block lengths of users are
mainly due to different coherence times. Therefore we use channel coherence
time instead of block length in the paper for better illustration.

10The negative velocities are eliminated and re-generated.



2 is given as the x-axis of the figure. It is ob-

variance o

served that when o'g = 0, i.e., the channel coherence times
are naturally quantized, the QQS performs as good as the
GAP, confirming the intuition of avoiding scheduling users
with dramatically distinct channel coherence times together
is reasonable. Furthermore, when the user-velocities vary, the
rate loss of the QQS is fairly acceptable, given the fact that
it not only dramatically decreases the complexity, but also
makes the algorithm practical comparing with the GAP-rule.
It is also observed that the rate gap of M = 100 is larger than
that of M = 10, whereas relatively, the rate gaps are similar
given the relative difference, which indicates that the analytic
expression of the rate gap may involve a term that scales with
M, possibly as log(M) since this is the form of the power
gain.

The impact of the number of user-groups in the QQS is
shown in Fig. 4. It is important to set the number of user
groups K in the QQS, since it allows transmission to users in
the same group exclusively. Specifically, the channel coherence
time approximation in each group will be inaccurate when
K is too small. On the other hand, over-grouping the users,
i.e., large K simply leads to time-sharing among different
users. It is observed that there exists an optimum K, resulting
the performance of the QQS is fairly close to the GAP. The
analytic analysis of the optimal number of K is not given due
to the heuristics of the QQS algorithm. However, given the
limited searching space of K, which at most scales linearly
with the number of users, and the fact that the search is
only required as often as the user channel coherence time
changes, which is shown to be on the order of seconds to tens
of seconds, an exhaustive search is acceptable. Nonetheless,
the exact analysis is left to be an interesting future work.
Note that the design of better user-grouping schemes, i.e.,
user channel coherence time quantization schemes, rather than
uniform and fixed quantization, is also worth studying in the
future. For comparison, the sum rate of simply time-division-
multiple-access (TDMA) among users is also plotted, which
is evidently inferior compared to QQS or GAP-rule. It is
noteworthy to mention that multiplexing all the users renders
a zero throughput, given the user coherence times in this
simulation, due to the CSIT acquisition overhead occupies all
the available time-frequency resources.

VI. CONCLUSIONS

In this paper, we have investigated the user-scheduling
problem in MU-MIMO downlinks considering CSIT acqui-

sition overhead. It is shown that the performance of a system
regardless of the CSIT acquisition overhead is very poor
when the channel coherence time is comparable with the
CSIT acquisition overhead. Therefore, a CSIT-overhead aware
scheduling scheme is in great need. To this end, we formulate
the generic Lyapunov-drift optimization scheduling problem,
namely GAP, according to which the GAP-rule is established
and proved to be throughput-optimal. In view of the NP-
hardness and non-causality of the GAP-rule-based schemes,
the QQS is proposed, which only requires O(N) complexity,
and possesses practical feasibility. It is shown that the QQS

performs fairly close to the GAP-rule, when the system dimen-
sion is large and the user coherence times can be grouped.
The QQS suffers reasonable rate loss when either of the
conditions is not met exactly. Nevertheless, the performance
improvement comparing with non-DCA schemes or simple
TDMA is substantial.
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