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Abstract— High-speed cellular data systems demand fast downlink scheduling algorithms and Multiple-Input Multiple-Output
(MIMO) techniques. The associated multiuser diversity and
antenna diversity play a central role in achieving high system
throughput and fair resource allocation among multiple users.
For such systems we evaluate the cross-layer interactions between channel-dependent scheduling schemes and MIMO techniques, such as Space-Time Block Coding (STBC) or Bell Labs
Layered Space-Time (BLAST), and propose a new scheduling
algorithm named the Alpha-Rule. The evaluation shows that
the STBC/MIMO provides reliable channel but at certain cost
of spectral efficiency. Comparatively BLAST/MIMO provides
larger capacity and enables higher scheduling throughput. Thus
BLAST/MIMO may be a more suitable technique for high-rate
packet data transmission at the physical layer. At the medium
access control (MAC)-layer, the Alpha-Rule is shown to be more
flexible or efficient to exploit the diversity gains than the exiting
max-C/I or Proportionally Fair (PF) scheduling schemes. It
enables online tradeoff between aggregate throughput, per-user
throughput, and per-user resource allocation.
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Fig. 1. The downlink transmitter structure at the base station and the

receiver structure at a user terminal.

I. I NTRODUCTION
High-speed downlink packet data services are the key to the
success of 3G wireless cellular systems, such as CDMA2000
High Data Rate (HDR) [1] and WCDMA High Speed Data
Packet Access (HSDPA) [2]. Both adopt the time-division
multiple accessing (TDMA) technique for the downlink data
channel shared by multiple users. To support such systems,
critical technologies at different layers are being intensively
studied. At the physical layer, Multiple-Input Multiple-Output
(MIMO) antenna techniques can increase the channel capacity
between base station (BS) and each individual user due to the
spatial (antenna) diversity. At the media access control (MAC)
layer, the opportunistic scheduler at each BS selects users
for transmission according to their channel-state-information
(CSI) feedback and throughput performance, characterizing
the multiuser diversity [3]. Both diversities play a central role
in such systems in achieving high throughput and fair resource
allocation among all users. Our research focuses on the crosslayer interactions between scheduling and MIMO channel, and
also the efficiency to exploit the two diversities in combination.
In this paper, we take the HDR systems for an example, but
our study applies to the HSDPA systems as well.
Multiple-Input Multiple-Output (MIMO) antenna techniques [4], [5], [6] have been studied extensively in the recent
past. One technique is the orthogonal space-time block coding
(STBC) [4], [7], which achieves both “full transmit diversity”
and reliable communication, but fails to provide a linearly
increasing channel capacity as the number of transmit and

receive antennas grows simultaneously. Another technique is
the Vertical Bell Labs Layered Space-Time (V-BLAST) [8],
[9], which provides high-rate data transmission, but does not
guard against deep fading. In this paper we will see their
performance in supporting high-rate data packet services.
Over different antenna arrays and MIMO techniques, we
evaluate several TDM-based downlink scheduling schemes.
Our purpose is to see their efficiency in exploring the multiuser
diversity, i.e., the independent channel dynamics of multiple
users, and the STBC or BLAST-provided antenna diversity.
Attacking the limitations of existing schemes, we propose
the “Alpha-Rule” scheduling algorithm. By tuning a control
variable α, the Alpha-Rule can migrate between algorithms
such as the Maximum Carrier-to-Interference Ratio (max-C/I)
scheduling [10], the Proportionally Fair (PF) scheduling [11],
[12], and the Max-Min fair [13] scheduling. Note that those
algorithms are all channel-dependent, with difference in peruser time-slot allocation, per-user throughput, and overall
system (aggregate) throughput.
Our Study shows that the Alpha-Rule can effectively balance between aggregate throughput and fairness.
STBC/MIMO may be more suitable than BLAST/MIMO to
provide low to medium rate (voice) services and dedicated
channels, while BLAST/MIMO is suitable for high-rate packet
data access over a shared channel. Our study reveals the
importance of cross-layer system optimization in coordinating
channel structure and scheduling algorithms.

II. S YSTEM D ESCRIPTIONS
Figure 1 shows a high-speed downlink packet data cellular
system adopting STBC or BLAST with nT transmit antennas
and nR receive antennas. There is infinite data backlog for
each station (i.e., user). The output data bits are modulated (by
QPSK, say) and then time-multiplexed with the pilot signal.
For this system we assume capacity-achieving codes and
Maximum Likelihood (ML) decoder. At the transmitter, the
data sequences are STBC or BLAST coded and transmitted.
At the receiver, signals are received from nR receive antennas.
After matched filtering and symbol-rate sampling, the received
discrete-time signal at the kth of totally K users is
r
Es
H k ck (t) + nk (t), t = 1, · · · , T,
r k (t) =
nT
T
with r k (t) = [r1,k (t), · · · , rnR ,k (t)] ,
iT
h
H k = hT1,k , · · · , hTnR ,k ,
T

hj,k

=

[h1j,k , · · · , hnT j,k ] ,

ck (t)

=

[c1,k (t), · · · , cnT ,k (t)] ,

nk (t)

=

[n1,k (t), · · · , nnR ,k (t)] ,

T

T

where
• ci,k (t), i = 1, · · · , nT , is the symbol transmitted to the
kth user from the ith transmit antenna at the tth time slot;
• Es is the average total transmission energy in one time
slot, i.e., tr(E{ck (t)cH
k (t)}) < Es ;
• H k is a circularly symmetric complex matrix of dimension nR × nT ;
• The entry hij,k of H k represents the complex channel
gain from the ith transmit antenna to the jth receive
antenna of the kth user; It is a complex Gaussian random
variable with mean 0 and variance 0.5 per dimension.
• nk (t) is a complex Gaussian random vector with
zero¡ mean ¢and covariance matrix σk2 I, i.e., nk (t) ∼
Nc 0, σk2 I .
Due to rich scattering we assume the spatial paths hij,k (∀i, j)
are independent of each other.
Assume that the channel matrix H k is known to the receiver
of each user, but not the transmitter. By [5], [6], the “perfectknowledge” instantaneous mutual information of the MIMO
channel can be written as follows :
ρk
HkHH
(1)
rk (t) = logdet(I nR +
k ),
nT
Es
2
σk

is the mean SNR of user k; H k is the
where ρk ,
instantaneous channel state at time t; the capacity unit is
bits/s/Hz. In the remaining part we neglect the subscript k
whenever possible without confusion.

arrangement of the transmit antennas. For the STBC scheme
of nT = 2 and nR = 1 or 2, an orthogonal design named
Alamouti code [4] is given with the code matrix G defined as
follows:
¸
·
c1
c2
.
(2)
G=
−c∗2 c∗1
Based on [7], [14], the STBC/MIMO channel capacity is as
follows:
r(t) = R log(1 + SNRST BC ),

(3)

where R = 1 and 34 for nT = 2 and 3, respectively; SNRST BC
is the effective signal-to-noise ratio (SNR) at the output of the
STBC decoder:
nR X
nT
ρ X
SNRST BC ,
|hij |2 .
(4)
nT j=1 i=1
s
Note that the mean SNR ρ = E
σ 2 may differ for different terminals. Obviously SNRST BC is a Chi-square random variable
with 2nT nR degrees of freedom.
Bell-Labs Layered Space-Time (BLAST) is another MIMO
technique. In contrast to STBC, BLAST transmits heterogeneous symbol streams to the MIMO channel overlapping in
both time and frequency. Thus it provides higher communication rate at the cost of reliability. Readers can refer to [5], [8],
[9] for further details. Under the constraint of nT ≤ nR , the
instantaneous mutual information of BLAST/MIMO channel
follows (1). Numerical studies show that the pdfs of BLAST
are quite close to the Chi-square distribution. Generally speaking, BLAST has a larger variance and higher mean, and offers
a higher transmission rate than STBC, making it more suitable
for high-rate data services. However, for BLAST, the decoding
constraint of nT ≤ nR and the lack of guards against deep
fading may limit its application, especially in the downlink
environment where base stations have more antennas than
mobile terminals.

III. U TILITY F UNCTION - BASED S CHEDULING
F ORMULATION
In light of the network economy for elastic traffic of besteffort services, the utility function would be increasing, strictly
concave, and continuously differentiable [15]. Thus a natural
rule of scheduling would be to maximize the total “utility”
Uk (·) generated by per-user’s mean throughput r̃k :
max
Uk

K
X

k=1

Uk (E[rk (t)1(k∗ (t)=k) ]) = max
{r̃k }

K
X

Uk (r̃k (t)),

(5)

k=1

A. STBC- or BLAST-coded MIMO Channels

where 1(k∗ (t)=k) is the instantaneous scheduling decision:
½
1,
scheduler picks user k at slot t
1(k∗ (t)=k) =
;
0,
otherwise

For the downlink channel of each user, STBC scheme ([4],
[7]) transmits an array of different data streams from multiple transmit antennas simultaneously. It then duplicates the
streams in time domain and sends them out from an orthogonal

The optimization is taken over
PK all possible solution set of
{r̃k (t)} under the constraint k=1 1(k∗ (t)=k) = 1.
Assume we know the history up to time t, e.g., r̃k (t + 1) ,
(1 − t1c )r̃k (t) + t1c rk (t)1(k∗ (t)=k) , where tc is the exponential

filtering factor. Then we need to make the next-step decision.
Take the steepest gradient ascent of U (t) as the optimized
direction of the controlled system evolution, and assume each
time slot 4t is infinitesimal and tc 4t constant. Thus the
decision becomes a continuous-time fluid-flow process. Take
the derivative in time domain:
K

K

k=1

k=1

dU (t) X ∂Uk (r̃k (t)) dr̃k (t) X ∂Uk (r̃k (t))
=
=
r̃k (t)0 .
dt
∂ r̃k (t)
dt
∂ r̃k (t)
From the discrete-time r̃k (t), we have r̃k (t + 4t) = (1 −
1
1
0
∗
tc )r̃k (t) + tc rk (t)1(k (t)=k) . So r̃k (t) is approximately:
rk (t)1(k∗ (t)=k) − r̃k (t)
r̃k (t + 4t) − r̃k (t)
=
.
4t
tc 4t

arg max{
k

k=1

∂ r̃k (t)

tc 4t

}.

(6)

A. The Alpha-Rule Scheduling Algorithm
There are many different fairness criteria in the Internet rate
control or bottleneck link sharing. The most popular one is the
Max-Min fairness [13], which in terms of our problem means
the feasible set of mean throughput {r̃k }, of which any user
i can not increase its mean throughput r̃i without decreasing
some r̃j that is no bigger than r̃i . An example to achieve
near-optimum Max-Min fairness among TCP and UDP users
is [17]. Later, Kelly et al. [18] proposed proportional fairness criterion, and Mo et al. [19] extended it to (p, α)proportionally fair (see Definition 1 in [19]). Mapping (p, α)proportionally fair into our notations, the (w, α)-proportional
fairness says that given a positive w = [w1 , . . . , wK ] and a
non-negative α, the vector of {r̃k∗ } is (w, α)-proportionally
fair if under the link-sharing capacity constraint, it satisfies

k=1

wk

r̃k − r̃k∗
<0
r̃k∗α

wk rk (t)1(k∗ (t)=k) − r̃k (t)
r̃k (t)α
tc 4t

k=1
K
X

=

K

X wk
wk rk (t)
∗ (t)=k) −
1
r̃k (t)1−α .
(k
tc 4t r̃k (t)α
tc 4t
k=1

Since r̃k (t) as the history value is independent of the future
rk (t) and 1(k∗ (t)=k) , we can neglect the second part and
transform the maximization into the following scheduling
scheme, which we named the Alpha-Rule:
k ∗ = arg max{wk
k

This is our utility-based scheduling rule, while the utility
function is to be defined according to practical requirements.
In practice, rk (t) is the instantaneous “supportable channel
rate” fed back to the BS through data rate control (DRC)
channel by individual MS (k).
Note that although seemingly similar, our optimization
target is actually different from the one adopted by Liu et
al. [16] in that our utility function depends on long-term peruser mean throughput whereas [16] defines an “instantaneous”
utility function and tried to maximize the expectations of the
total utility under certain long-term time-fraction constraints.
We argue that the long-term throughput performance may be
more relevant to revenue-generation in best-effort services.

K
X

K
X

k=1

Therefore, the steepest gradient ascend of U (t) at time t is
obtained by picking the user as k ∗ =
K
X
∂Uk (r̃k (t)) rk (t)1(k∗ (t)=k) − r̃k (t)

α ≥ 0, and Uk (·) is a strictly concave and increasing function
of r̃k (t). Yet in our scenario, there is no static capacity
constraint of link-sharing among K users, but a constraint on
time slot sharing instead. Following the logic in the previous
1−α
r̃k
in (6), where wk is
section, and adopting Uk (r̃k ) = wk 1−α
the weight of user k in the total utility, we have the following
maximization target:

(7)

for any other non-negative and feasible vector {r̃k } under the
same constraint. It is noted that such a {r̃k∗ } maximizes the
1−α
r̃k
, where wk > 0,
utility function given by Uk (r̃k ) = wk 1−α

rk (t)
}.
r̃k (t)α

(8)

B. Tradeoff between Throughput and Fairness
In contrast to wired networks, resources in wireless networks, such as the time slots, link capacity, and power,
are separate and orthogonal resources among users. For this
reason, per-user throughput is not equal to per-user (time
slot) resource sharing. Although
PK one always expects a higher
aggregate throughput r = k=1 r̃k , the scheduler has to take
care of two per-user fairness criteria, based either on the timeslot allocation or per-user throughput over the shared channel.
Adopt the fairness index in [20]:
PK
( k=1 xk )2
,
(9)
F =
PK
K k=1 x2k

where xk is the per-user metrics. F is a continuous function
ranging between 0 and 1. Larger F denotes better fairness:
1
F = K
is the extremely unfair case when only one xk is
nonzero, whereas F = 1 means completely fair since xk ’s are
all equal. When xk = rk , F denotes the performance-based
fairness index. When xk is the time-fraction allocated to user
k, F is the resource-based fairness index.
Suppose users are equally weighted, i.e., wk = 1, ∀k. We
then look at the following special cases.
• α
= P 0: The optimization target becomes
K
max{r̃k } k=1 r̃k . By (8), the Alpha-Rule reduces
∗
to k = arg maxk {rk (t)}, i.e., the well-known max-C/I
scheme [10] that always picks the user of the best
channel and starves the worst-channel users, say, those
who are the remotest to the base station. Obviously it
maximizes the throughput without any consideration of
fairness.
PK
• α −→ 1: The target becomes max{r̃k }
k=1 log r̃k .
(t)
}, i.e.,
The Alpha-Rule reduces to k ∗ = arg maxk { rr̃kk (t)
the Proportionally Fair (PF) scheduling [11], [12] that
picks the best user by its “relative” channel status. PF
scheduling asymptotically guarantees an equal sharing of

time slots among all users [12], i.e., its resource-based
fairness index is 1.
PK 1
• α = 2: The target is to minimize
k=1 r̃k and the rule
minimizes the “potential delay” of all users with equal
packet length. The corresponding scheduling policy is
(t)
k ∗ = arg maxk { r̃rkk(t)
2 }. With this rule, users of poorer
channels tends to get more time slot. As a result, its
aggregate throughput is lower than PF and even RR.
• α → ∞: This extreme case attains max-min fairness in
that the scheduler achieves strict fairness about throughput performance. In other words, the scheduler tends to
pick the user of the smallest mean throughput at each
time slot. So a significant fraction of time goes to users
of noisy channels. As a result, the aggregate throughput
is the lowest among all the cases.
In (8), weight is to differentiate individual users: a larger
weight implies more shares of time slot allocation. There
are other efforts of weight-designing (say, for minimum rate
guarantee), such as the Modified Largest Weighted Delay
First (M-LWDF) scheme [21] and the Exponential Rule [22].
Beyond the focus of this paper, we note that the weight
design is tightly related to per-user willingness to pay for the
resources. On the other hand, our α is used to control the
overall system performance. With the increase of α, scheduler
allocates more time slots to users of weaker channel condition
at the sacrifice of total throughput. Although it is difficult to
get a closed-form solution of α for a specified target of r or
F , a closed-loop tuning of α based on online measurement of
them is quite intuitive.
IV. M ULTIUSER D IVERSITY AND S CHEDULING
Multiuser diversity [3] means that almost at any moment,
one of a large number of independent MSs has its channel status near the optimum. BS can increase its aggregate throughput
by picking the best user at any moment for transmission.
Denote γ as the effective SNR at the output of the decoder
when k is the only user in the system:
4

γ = SNRST BC =

nR X
nT
ρ X
|hij,k |2 .
nT j=1 i=1

(10)

With the QPSK modulation, Es = 2Eb for 2bits/symbol, ρ =
2Es
Es
σ 2 = σ 2 . As we know, γ is a chi-square random variable
with 2nT nR degrees of freedom and pdf given by fγ (γ) =
2
µn+1 n −µγ
Tσ
, n = nT nR −1. Now suppose
, where µ = nE
n! γ e
s
there are K users. Firstly, assume the channel-independent
Round-Robin (RR) scheduling is adopted to randomly pick
the users in a uniform way. Therefore, the pdf of the effective
SNR after the scheduling remains unchanged. So there is no
gain of throughput for serving more than one users. Secondly,
suppose max-C/I is used to select the user. Therefore, with
K-fold multiuser diversity the effective SNR after max-C/I
scheduling would be
γ̃ =

nR X
nT
Es X
|hij,k |2 .
k∈{1,2,···,K} nT σ 2
j=1 i=1

max

(11)

By order statistics [23], the pdf of γ̃ is gγ̃ (y) =
Kfγ (y)Fγ (y)K−1 , where Fγ (y) denotes the cumulative distribution function (cdf) of γ:
Z y
n
X
yi
n+1 −µt
Fγ (y) =
fγ (γ)dγ = 1 − µ
e
. (12)
i!µn−i+1
0
i=0
With an increasing number of users, the effective SNR after
max-C/I scheduling is getting bigger, which translates to a
higher MAC-layer throughput. Finally, suppose PF scheme
is adopted instead. Given a symmetric distribution of the
effective SNR around its mean, each user gets asymptotically
1
equal share ( K
) of the total time slots. When all the users
have i.i.d. channel statistics, the PF scheme reduces to maxC/I and enjoys the same multiuser diversity gain. When the
channel statistics are not identical, PF still benefits from the
multiuser diversity: when the number of users is big, there is
always someone whose channel is near its own peak at any
moment [12]. Generally speaking, the diversity gain remains
with the channel-dependent Alpha-Rule, but decreases with
increasing α because the scheduler is sacrificing efficiency for
fairness.
A. Multiuser and Antenna Diversity
Channel-dependent scheduling schemes, e.g., the max-C/I
and PF, “rides the peak” of different user channels to transmit
data. Therefore the aggregate throughput depends not only
on the channel mean SNR, but the range of its dynamics
as well. The larger of the channel fluctuations, i.e., where
pdf has longer tails, the more the multiuser-diversity is. This
phenomenon has been explained in [12]. Since STBC and
BLAST MIMO explore the antenna diversity in different ways,
they present different channel statistics to schedulers. STBC
delivers a smoother channel of lower mean SNR than BLAST.
Both degrade the throughput for smaller multiuser diversity.
Therefore, for bursty data services, BLAST may be more
suitable than STBC.
Refer to (10) for STBC/MIMO channels. The effective
SNR of user k has mean and variance of E[γ] = ρnR
2
and Var = nRnTρ , respectively. Its coefficient of variance is
√ 1
nT nR . With an increasing nR , the mean SNR increases.
This improves the channel throughput. On the other hand, both
nR and nT in (10) destructively smooth the SNR dynamics
including peaks due to the fading-compensation mechanism
inherent in the STBC/MIMO channel. Therefore, in contrast
to BLAST, antenna diversity in STBC may increase the mean
SNR but reduce the multiuser diversity. The dual impacts limit
the increase of scheduling throughput with antenna diversity.
V. P ERFORMANCE OF THE S CHEDULING S CHEMES OVER
MIMO
We simulate the HDR systems over different MIMO
schemes. Our focus is to evaluate the cross-layer system
performance under multiuser and spatial diversity. The performance metrics are the aggregate downlink scheduling throughput and fairness among heterogeneous users at the MAC layer.
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Fig. 5.

Simulation setup: Following the settings in [11] and [1],
mobile users are uniformly located within a cell. The STBC- or
BLAST-coded MIMO channels, characterized by (3) and (1),
respectively, have the same statistics except non-identical ρk
of users. The mean effective SNR ρk is initialized according to
the cdf of the CDMA/HDR system [1]. In the tests, users may
or may not move with Doppler fading for each spatial channel.
For a given number of users K, 50 runs of simulations are
executed to get a stable value. For each run, ρk is re-initiated.
Each run lasts for 30 seconds, i.e., 18000 time slots. Each slot
of forward channel is 1.667 ms, i.e. the slot frequency is 600.
The exponential filtering interval tc is 1000 in unit of slots.
So the filtering latency timescale is 1.667 s. Unless explicitly
mentioned, we assume an ideal case where “perfect” channel
state is fed back without delay while the channel dynamics is
memoryless.

to increase linearly with the number of MIMO antennas. In
contrast, the gains of RR remain largely flat for increasing K
and thus does not exploit the multiuser diversity. Obviously
RR is not a good choice of scheduling.
Now look at the MAC-layer throughput performance of PF
over STBC/MIMO. Fig. 3 illustrates two aspects. First, the
system benefits from the spatial diversity offered by MIMO
technique in that the throughput increases from 1Tx-1Rx to
2Tx-2Rx or 3Tx-3Rx. The lower throughput of 3Tx-3Rx than
2Tx-2Rx is due to the lack of full-rate orthogonal STBC codes
with 3Tx-3Rx. Second, there is an increasing gap between
PF and max-C/I given more users or higher order of antenna
arrays. To shrink the gap, we may adopt the Alpha-Rule and
set α less than 1 (PF) but larger than 0 (max-C/I). As an
example, Fig. 4 shows that the Alpha-Rule with α = 0.5
achieves throughput somewhere in between the PF and maxC/I regardless of antenna setups. In other words, it successfully
controls the tradeoff between per-user fairness and aggregate
throughput.
Fig. 5 shows the impact of mobility on mean aggregate throughput given different velocities: 0 km/h, 3 km/h,
10 km/h, and 40 km/h. The chip rate in the Doppler fading is
1.2288 Mbps with 2048 chips per slot (1.667 ms). The carrier
frequency is 1.88 GHz. Note that our previous studies are for
an ideal case of the following two assumptions: instantaneous

Scheduling over STBC/MIMO channel: First take a look at
the effective SNR of the multiuser STBC/MIMO downlink
shared channel after scheduling. Fig. 2 clearly shows the
multiuser diversity gain given multiple (K) users. As we can
see, the effective SNR given both PF and max-C/I increases
monotonically with K, but the gain is getting smaller from
1Tx-1Rx (denoted 1 × 1) to 2Tx-2Rx and 3Tx-3Rx. It is
because of the decreasing multiuser diversity as stated before.
Hence the STBC technique blocks the scheduling throughput

BLAST/MIMO: mean throughput as a function of user number K

STBC/MIMO: Fairness by resource allocation
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schemes for different users.
Fairness by performance

BLAST/MIMO: Mean throughput as a function of Doppler Speed for 16 users
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Fig. 7. BLAST/MIMO: the mean aggregate throughput as a function

of Doppler speed.

CSI feedbacks; memoryless channel fading across consecutive
slots. The first one denotes a perfect channel prediction,
while the latter implies the best multiuser diversity. Given
the user speed of zero, each channel is static and infinitely
correlated. So the first assumption holds but the second fails.
With mobility gradually increasing from 0 km/h to 3 km/h and
10 km/h, the channel correlation decreases, which increases the
multiuser diversity. This mobility-induced multiuser diversity
improves the throughput as the figure shows. When the speed
increases further, the inaccuracy in CSI feedbacks starts to
deteriorate the throughput. Therefore, the mobility has dual
impacts on the throughput by alternating the channel condition between the two assumptions. However, the throughput
degrades in Fig. 5 is acceptable for speeds up to 40 km/h,
reflecting the robustness of the HDR system to a degree of
mobility.
Scheduling over BLAST/MIMO channel: Regardless of
MIMO techniques, the PF scheduling throughput is also
lower than max-C/I, as illustrated by STBC/MIMO before and BLAST/MIMO in Fig. 6. Again the Alpha-Rule
can tradeoff fairness for throughput. A comparison between
Fig. 6 and Fig. 4 shows that the scheduling throughput over
BLAST/MIMO is higher than STBC/MIMO due to higher
transmission capacity and more multiuser diversity. In particular, the full-rate codes in BLAST/MIMO are not limited
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STBC/MIMO: per-user throughput of different scheduling
schemes for different users, where α = 0.5 for the Alpha-Rule.
Fig. 9.

to 1 × 1 to 2 × nR , e.g., the throughput above the 3 × 3
BLAST/MIMO channel is actually the highest given the same
scheduling scheme. The results show that BLAST/MIMO may
be a better choice for the high-speed packet data services.
Similar performance with mobility tests given
BLAST/MIMO is shown in Fig. 7. An exception is
3 × 3 max-C/I, comes from the simulation granularity and
also the fact that with a highly bursty 3 × 3 BLAST channel,
the CSI inaccuracy easily dominates the impacts of mobility
on the aggregate throughput.
Fairness versus throughput: To check the resource-based or
performance-based fairness, we randomly pick 16 users of
different location, i.e., different mean SNR (ρ). Their mean
supportable rate ranges from 153kbps to 3.767Mbps. Then
we label them by the mean SNR: users closer to the BS
have a bigger IDs. Note that a strict fairness is represented
by equivalent fairness indices among all users.
Our results show that the fairness performance depends
on the scheduling rather than the physical-layer transmission
schemes. Take STBC/MIMO for example. Both Fig. 8 and 9
reveal the extreme unfairness of max-C/I scheme: users of
small IDs (less than 9) are starved for resource and their
throughput is actually zero. Comparatively PF has approximately equal fairness indices among all users for any antenna
array, e.g., 1Tx-1Rx, 2Tx-2Rx, and 3Tx-3Rx. The Alpha-Rule
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with α = 0.5 falls in between PF and max-C/I. With a larger α,
say α = 2, resource allocation is biased towards users of weak
channels in an effort to equalize their potential transmission
delay with users of strong channels.
The tuneable α controls the flexibility of the Alpha-Rule in
the tradeoff between throughput and fairness. The sensitivity is
seen from Fig. 10, where 3Tx-3Rx BLAST/MIMO is adopted.
As explained in Section III-B, the aggregate throughput decreases monotonically with α because more time slots will
be assigned to users of weak channels. For the same reason
the throughput-based fairness indices increase monotonically
with α. When α < 1, the slot allocation favors users of
strong channels. An extreme case is the max-C/I (α = 0) that
has the highest aggregate throughput but the worst fairness
in terms of both per-user throughput and per-user time-slot
allocation. When α = 1 (PF), the time-slot allocation is the
fairest (F = 1). This is a well-known property of the PF
scheduling. When α > 1, the slot allocation favors the users
of weak channels and as a result, the throughput-based fairness
also improves. When α goes to infinity, we can expect that all
users achieve the same throughput regardless of their channel
condition and the Max-Min fairness is satisfied. We note that
the most effective tradeoffs between the aggregate throughput
and fairness occur for α less than 2, where slight fairness can
be traded for much improvement in the aggregate throughput.
VI. C ONCLUSIONS
In this paper, we evaluated the opportunistic scheduling algorithms given STBC or BLAST MIMO channels in high-rate
packet data cellular systems. We also proposed a flexible and
more generic scheduling scheme, the Alpha-Rule, for high-rate
packet data services. Compared to the existing PF and maxC/I schemes, the Alpha-Rule enables MAC-layer adaptations
to physical-layer channel and flexible online tradeoff between
throughput and fairness. In addition, a cross-layer evaluation
of the MAC-layer scheduling and the physical-layer MIMO
schemes reveals the role of multiuser diversity and antenna
diversity in determining the global system performance. By
our evaluations, the amount of multiuser diversity depends
on the channel characteristics while the gain depends on the
combination of scheduling policy and transmission technique.

Comparatively, STBC/MIMO is more suitable for point-topoint dedicated channels of voice or mission critical services,
while BLAST/MIMO better supports the high-speed downlink
shared channel for packet data services.
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