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Abstract—We investigate the performance of a multiuser
downlink access scheme based on a post-selection switch and
examine algorithm. The studied scheme sequentially switches
over the users that experience independent and non-identically
distributed fading conditions, and selects a single user with
an acceptable channel quality as compared to a pre-selected
signal-to-noise ratio (SNR) threshold. If no one of the users can
satisfy the target channel quality, the base station (BS) takes
the advantage of the knowledge of all users channels and serves
the user with the best channel quality among all users. This
scheme reduces considerably the feedback load but offers a lower
average spectral efficiency (ASE) as compared to that of the full
feedback system with instantaneous best user selection. On the
other hand, it improves the system performances, such as outage
probability and average bit error rate (BER), as compared to
a system that is based on a standard switching scheme without
post-selection. Numerical results for the ASE average BER, and
average feed back load, are presented for the cases of outdated
and non-outdated rate-adaptive modulation scheme operating
over independent and non-identically distributed users.

I. INTRODUCTION

By exploiting the users channel fluctuation, multiuser di-
versity has been proposed to provide a service to the user
with the best channel in a multiuser environment [1]. This
technique improves the throughput of wireless systems at
the expense of large overhead. Particularly, feedback from
all active mobile stations (MSs) is needed in order to keep
the base station (BS) updated with the channel state of each
mobile terminal. Several opportunistic scheduling schemes has
been proposed and analyzed for independent and identically
distributed users [2]. For instance, with the use of the best
selection algorithm, the BS probes sequentially all the users
and select the user with the best channel. This scheme has
a high average spectral efficiency (ASE) and provides a high
data rate for the selected user, but it requires full feedback
information from all users to operate adequately. To reduce
the feedback load from different MSs, switching schemes have
been proposed [3]-[5], in which the BS, which operates in a
time division multiplexing (TDM) mode, probes sequentially
the users channels and selects the first user whose predicted
signal-to-noise ratio (SNR) is above a pre-selected design

parameter threshold.

This paper adds enhancements on the aforementioned con-
tributions, and investigates a multiuser scheduling scheme
that is based on post-selection switch and examine algorithm.
The case study under consideration assumes a more general
scenario of that adopted in [5], for which the users channels
are assumed to be independent but non-identically distributed
(in.d.). The post-selection switch and examine algorithm
adopted herein operates as follow: the BS starts sequentially
probing the users by requesting each user SNR until a user
with an instantaneous SNR above the threshold is identified.
When the instantaneous SNRs of all tested users are found
below the threshold, the BS selects the user with the best
channel quality for subsequent packet transmission. Moreover,
this scheduler can be much more efficient when implementing
an adaptive modulation scheme. The adaptation to channel
conditions is proposed based on the active users instantaneous
SNRs to choose from different quadrature-amplitude constella-
tions over discrete-time intervals, while reducing the feedback
load.

For the scheduling scheme under investigation, three per-
formance metrics are studied, which are the ASE, the average
feedback load (AFL), and the average bit error rate (BER) for
the adaptive system. These performance metrics are shown
for a generic rate-adaptive modulation scheme, and their
corresponding numerical results are presented for adaptive
rectangular signaling with finite constellations. In addition,
more realistic results are provided in this paper for the BER
when the channel estimates are outdated or imperfect due to
the effect of scheduling delay. To obtain such results, a new
approach based on the conditional moment generating function
(MGF) is proposed.

The remainder of the paper is organized as follows. Sec-
tion II outlines the system model, and presents the statistics
of the resulting SNR of the selected user for non-adaptive
algorithm with post-examining selection under i.n.d. channel
conditions. Section III provides analytical results for the ASE,
average BER, and AFL for the SNR-based adaptive system.
Section IV quantifies the effect of imperfect channel state



informations (CSIs) on the statistics of the resulting SNR
as well as the average BER, and section V shows selected
numerical and simulation results.

II. SYSTEM MODEL AND STATISTICS OF RESULTING SNR

This section outlines the system model and presents the
general formulations for the resulting SNR of the selected
user per the scheduling algorithm under consideration. The
results are then used to study the case when the examined
users undergo i.n.d. Rayleigh fading.

A. System Model

It is assumed that a total of L users exist in the coverage area
of interest. The users can receive downlink information from
a known BS, which is equipped with a single antenna and can
use a single channel to serve one of the active users at a time.
The mobile stations are assumed to be space-limited, and each
of which has only one antenna to receive and transmit in time
division duplex (TDD) fashion, thereby the channel reciprocity
can be exploited to extract the CSI of each examined user.

During each guard period, the BS listens to the requests
from active users sequentially and arbitrarily, and aims to
serve a user whose channel quality is good enough to support
reliable reception of the projected signaling constellation.
Knowing that the projected performance can be mapped into
a specific threshold on the resulting instantaneous SNR, the
BS starts probing the users sequentially, where the estimated
instantaneous SNR of the firstly probed user is compared
against the SNR threshold. If it is found that the first user
instantaneous SNR is above the threshold, the first user is allo-
cated the available packet interval, and no further processing is
required. Otherwise, the BS probes another user and examines
its estimated instantaneous SNR against the threshold. The BS
continues examining the instantaneous SNRs of the probed
users until either one user having instantaneous SNR above
the threshold is found or all active users have been examined.
In the latter case, the BS selects the user having the best SNR,
and allocate the constellation size so that this user can decode
reliably with the specified target error rate.

B. Statistics of Resulting SNR

Consider a system with L users, where the /th user has an
instantaneous SNR of ~;, where [ = 1,2,.., L. Let " be the
resulting (i.e. output) SNR. When the post-selection switch and
examine algorithm is used at the serving BS, the cumulative
distribution function (CDF) of the output SNR for the general
case of i.n.d. channel gains of active users can be written as
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where F, (z), for { = 1,2,.., L, is the CDF of the instanta-
neous SNR associated with the Ith user, v is a pre-selected
threshold, and U(.) is the unit step function. The probability
density function (PDF) of the output SNR can be obtained
from (1), and the result is
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where f.,(x) £ dF,,(x)/dz, for | = 1,2,.., L, is the PDF of
the instantaneous SNR associated with the [th user.

Using the statistics the output SNR presented above, the
MGEF of T" can be obtained as
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where Fr(z) = 1 — Fr(z) is the complementary cumulative
distribution function (CCDF) of T'.

C. Application to Rayleigh Fading Environment

For the case when the channel gains of individual users
undergo Rayleigh fading, the PDF and the CDF of the users
instantaneous SNRs are given by f., (z) = %e_% , x>0,
and Fy, (z) =1— e , x>0, where 4, for [ =1,.., L, is
the average SNR of the [th channel. The results of f., (z) and
F,, (x) given above can be used in (2) and (1) to find the PDF
and the CDF of the output SNR when the channel gains of
the L users undergo i.n.d. Rayleigh fading, respectively. The
MGEF of I' can be written as

Mr(s) = Mr(s,0) 4)

where Mr(s,) represents the incomplete MGF and given
by Mr(s,y) = fjoo e %% fr(z)dz. Note that the product

Hlev#l F,,(x) in (2) can be expressed as
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where A, ; is the ith element of a set A that contains the sum
of all the n-tuples for n = 1,2, .., L — 2 of the set S defined
by S = {%, %,.., %}/% € is the number of the summed
element in A4;; and R is the number of element of the set A
given by R = Y172 (*7"). Using the representation in (5),
Mr(s,7) can be easily calculated as

L
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where Mp, (s,7) is the incomplete MGF of I" when the Ith
user is selected, and it can be expressed as

Mr,(s,7) = Ai(v) U(y —r) +
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III. ADAPTIVE SCHEDULING WITH POST-EXAMINING
SELECTION FOR I.N.D. USERS

This section considers the use of the scheduling algorithm
with post-examining selection described in the previous sec-
tion in combination with discrete-time variable-rate coded
quadrature-amplitude modulation. Specifically, the range of the
resulting instantaneous SNR is d1vided into N + 1 regions,
which are referred to as {R, }n 1> for which the fixed set
of adaptation thresholds {~},73, -+ , Vx> Vi+1} are used to
define the boundary points, where 73y, ; = +o0. In this case,
the constellation of size M,, £ 28~ is chosen when it it is
found that I' € R, = [;;,7,,1) such that a target BER is
satisfied. The following parts discusses the analytical formu-
lations of performance and processing complexity measures,
respectively.

A. Performance Measures

The expression for the ASE can be obtained as ASE =
25:1 R, P, where P, = Fr(Yn+1) — Fr(7yy,) refers to the
probability that ' € R,,, and Fr(.) is given in a general form
in (1). The average BER can be obtained as

[
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where BER,, = E{BER,|I' € R,}, and BER,, for the
signaling constellation under consideration can be written as
BER,, = a,e ?»7/Mn [8], in which where a,,, b,, and M,, are
region-dependent constants that are related to the constellation
size chosen for the nth region. Then, it can be written that
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where Mr(s,) is given in (7).

B. Processing Load Measure

as a discrete-valued random variable that takes
., L}, and it is used to refer to

Define N,

1 1\ ~! values from the set {1
Ai(yr) + % <5 + ) the number of users need to be examined per each packet

transmission. For a given value of the SNR threshold ~;,
it can be shown, for the case i.n.d. users, that Pr{N, =
K-1
K} = k=1 F’Yk(q/n)[l F’YK(’YYL)]’ for K = 1,..,L -1,
and Pr{N, = L} = Hk 1 Fy. (7). The expression for the
AFL can be then obtained as
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which is generally applicable for any channel fading models.

IV. EFFECT OF OUTDATED CHANNEL ESTIMATES

In a practical system, and because of real world implemen-
tation constraints, channel estimates are usually outdated or
imperfect. In this case, the results obtained in the preced-
ing sections under the assumption of on-outdated SNRs of
individual users are no longer valid. In fact, outdated channel
estimation occurs when the transmitter does not have a perfect
channel estimate at time ¢ + 7, which is the time to transmit
after selecting the adequate user, but have only a channel
estimate at time ¢, where 7 represents the time delay which is
exactly equal to the scheduling duration. Consequently, when
using adaptive modulation techniques at the transmitter, the
link adaptation at time ¢ 4+ 7 will be based on the estimated
channel at time ¢, and thus the delay will affect the choice of
the constellation size, leading to performance degradation.

This section obtains the statistics of the output SNR when
channel estimation is outdated or imperfect. Assuming that the
channels of the L users are i.n.d., and T'(") be the actual signal
SNR when the transmission takes place. Due to imperfect
channel estimation caused by feedback delay, ') may or
may not be the same as I, as discussed above.

A. PDF of Outdated Output SNR

Noting that I' and T correspond to the SNR of the
selected user, the PDF of Fl(T), for [ =1,.., L, can be written
as

fFl7Fl(T) (U, l')
f‘Yz (.’I})

where fr,(.) is the PDF of the I" when the /th user is chosen,
which can be read from (2) as
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The PDF of I'(") = Zle I‘Z(T) can now be written as
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For the case of Rayleigh fading, the joint PDF, frl e (u, ),
is given by [12, eq.(126)] l
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where Iy(.) is the zero-order modified Bessel function of
the first kind, 0 < p; < 1, for [ = 1,..,L, denote the
power correlation coefficients between I'; and Fl(T). The value
of p; may be expressed as a function of the delay 7 as
p = JZ(2nfpT), where Jy(.) is the zero-order Bessel function
of the first kind and fp = v/X is the maximum Doppler
frequency shift, where v is the speed of the corresponding
user and )\ is the wavelength of the operating frequency. The
PDF of the outdated output SNR in (13) can be expressed as
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where A, ; are the elements of the set A; containing all the
n-tuples when n = 1,.., L — 1 of the element of the set S; =

S/{ } and S =%;,j=1,.., L. In (16), ﬁj(., .) is given by
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where Q(.,.) is the Q-Marcum function [13].

B. MGF of the Outdated Output SNR
The MGF of I'(™) can be obtained with the help of (3) as
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C. Average BER Under the Effect of Outdated Output SNR

This part studies the effect of outdated estimates of the
output SNR on the average BER performance of the rate-
adaptive transmission. In this case, it can be written that

N U
> n_1 RuBER,

BER = ASE ,

2

where BER,, = Zlel BER,, ; is the average BER experi-
enced when modulation index n is applied, which is the only

component affected by the delay. The term BER,, ; can be
expressed as
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where fp, () is the PDF of T, which is the output SNR at the

BS, when the [th user is selected and is given by (12). The

term frir) s (7v+/7) represents the conditioned PDF which can



be easily calculated, using the joint PDF f.cr | (v-,7y) given
by (14), as follows: l
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Given that BER(an, by, My,7) = ane M:7 as defined
previously, the term BERF(T)/FL (an, b, My,,~) can be rep-
resented in a more general form using the conditional MGF

(23)

as BERy() p (an,bn, M, ) = an My /Fl(ﬁ—ﬂ,'y). The
conditional MGF, M- /Fl(s,fy), can be easily calculated

using the condition PDF in (23) and with the help of [11],
and the result is
My jp, (5:7) =/O e fro p, (r/7) dr
1 L
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The final result of the average BER can be represented as a
function of the incomplete MGF defined in (7). That gives
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where o, ; and 3, ;, forl =1,..,Land n =1, .., N, are con-
stants, which depend on {p;}, {%:}, and the adaptive signalling

constants (i.e. {a,}, {b,}, and {M,}). These parameters are

1 — an My — pibn
given by any = 57525ty A4 Bet = w3805 00

V. NUMERICAL RESULTS AND DISCUSSIONS

This section presents some numerical results of the per-
formance metrics discussed in the preceding sections. In
generating the numerical results, it is assumed that the users
are uniformly distributed in a cell of radius R centered around
a BS. Each user has different average SNR, 7; forl =1, .., L,
which is assumed to be log-normal distributed with shadowing
standard deviation of 6 = 3 dB in the curves shown. For the
case under consideration, the PDF of the average SNR 7;, for
l=1,..,L, can be given by [10]

202 —2¢(3-5p) 2 (7 -7
f5(7) = % e = Q (W) ,  (20)
where 7r is the average SNR at distance R, « is the path loss
exponent (o = 3.5 in the numerical results), ¢ = 10alog(e)
and (.) is the one-dimensional Gaussian Q-function.
For the ASE and average BER performance results, an

8 region (i.e. N = 8) adaptive discrete rate rectangular
signalling scheme [8] is assumed with a target BERy =
1073 and {R,}>_, = [1,2,3,4,5,6,7,8]. For this con-

sidered scheme, the constant a,, b, and M, defined pre-
viously are given by: a, = 0.2, b, = 3/2 and M, =
M, — 1, where M, = [2,4,8,16,32,64,128,256] rep-
resents the M-QAM constellation size for each region.

The regions threshold [v1,72,..,7n] are calculated using
the target BER(, according to [8], and are given by
[6.78,10.25,13.93,17.24,20.39, 23.47,26.51, 29.54] dB.

In Fig. 1, the ASE is plotted as a function of the average
SNR at a distance R from the base station, . Also, the ASE
is depicted for different values of switching threshold vy for
a target BER of 10~ where we assume that the number of
users in the cell L = 5. It can be seen from the figure that as
AR increases the ASE increases and this is because increasing
Ar 1s equivalent to decreasing the radius of the cell, thus the
different users are closer to the BS and their channels are
better which explain the increase of the ASE. Fig. 1 shows also
that as the switching threshold increases the ASE is improved
and approaches the ASE of the best selection algorithm which
gives the best ASE (the ASE of the best selection algorithm
can be obtained by setting y7 — +00). This can be explained
by the fact that when increasing 7 the BS selects a user with
a better channel which will transmit with a better rate and as
such the ASE is improved.

—f— vy =00 dB

—e—r =25dB
—t—yp = 15 dB

—e—r =10dB

ASE |[bits/s/Hz]

| | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50
R, (dB)

Fig. 1. Achievable average spectral efficiency for a target BER of 1073 as a
function of the average SNR at a distance R from the BS for different values
of YT -

Fig. 2 shows the average BER for the coded adaptive
modulation scheme as a function of the average SNR at a
distance R from the base station for a target BER of 102 and
different values of 7 when the number of users in the cell
is L = 5. It is clear that the BER performance is always less
than the target value. The average BER performance improves
as yr increases, where the best performance is observed when
YT — +00.

In Fig. 3, the BER of the outdated channels estimates case is
shown as a function of 4 for different values of p when L = 5
and yr = 20 dB. The figure shows the effect of the outdated
channel estimates on the average BER performance. It is
is seen that the imperfect channel estimates have noticeable
effect on the average BER because for a certain average SNR,
at a distance R from the BS, range the BER is no longer less
than the target BERy and the BER performance is degraded
more and more when p decreases.
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Fig. 2. Average BER for a target BER of 102 as a function of the average
SNR at a distance R from the BS for different values of .
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Fig. 3. Average BER in the outdated case for a target BER of 102 as a

function of the average SNR at a distance R from the BS for different values
of p.

Fig. 4 depicts the AFL as a function of 4y for different
values of vy when L = 5. From Fig. 2 and Fig. 4, one can
observe the trade-off between the ASE and AFL as a function
of vr, where increase the ASE as 7 requires more users to
be probed by the BS; hence the AFL is expected to increase. It
is also clear that the AFL for the extreme case of yp — +o00
is always constant and equal to the number of users because
full feedback from all users is needed to select the user with
the best channel for each packet transmission.
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