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Abstract—In this paper, a set of multiuser access schemesat the expense of a high feedback load. Indeed, defining
are proposed based on switched diversity algorithms originally feedback loadV, as the number of estimated paths/users per
devised to select between antennas in a spatial diversity systeMime-slot before channel access [4], the feedback load of the
Instead of relying on feedback from all the users in a multiuser . ' . .
communication system to identify the best user on a time-slot multlus_er_ a_ccess scheme based on the SC algorithm will be
basis (having the best channel quality among all the users), the deterministic and equal t& (the number of users connected
proposed multiuser access schemes are performed in a sequentiato the BS). In an attempt to simplify the selection procedure
manner, looking not for the best user but for an acceptable and reduce the feedback load, a setsefitched multiuser

user. A user qualifies as an acceptable user and is selected byyccags schemes are proposed. These access schemes are basec
the base station when the reported channel quality is above a

predefined switching threshold. The proposed schemes result in 9" switched dlverS|_ty algorlt_hms_ orlg!nally devised to select_
a lower average spectral efficiency (ASE) than using the optimal between antennas in a spatial diversity system, and the basic
selective diversity scheme, but a gain is obtained by reducing principle is to look for anacceptableuser instead of the best
the feedback load. Numerical results that quantify the trade-off user, i.e. a user with a channel quality above a predefined
between ASE and average feedback load (AFL) are presemed'switching threshold.

showing that the AFL can be reduced significantly compared In short, a switched multiuser access scheme works as
to the optimal selective diversity scheme without experiencing a ' ) - ) )
big performance loss. In addition, it is argued that the proposed follows: the BS starts probing the users in a sequential fashion,
multiuser access schemes can be quite attractive also from arequesting the signal-to-noise ratio (SNR) of the first user and
fairess perspective. then comparing it to the switching threshold. If the SNR is
below the threshold, the BS moves on to the second user.
This user SNR probing/checking process continues until (i)
In a traditional spatial diversity system, the diversity gairither one user is above the threshold (this user is selected
arises from independent signal paths received by multifier the subsequent transmission time) (ii) &l users have
antennas. In a multiuser communication system, multiusegen examined and all have failed to exceed the switching
diversity (independent fading channels across different usetisdeshold, in which either the last examined user is selected
can be exploited to maximize the average throughput Iffor simplicity), the best user among all the probed users
always serving the user with the strongest channel [1][2]. & selected, or one waits a period longer than the channel
traditional way of performing this task in a time divisioncoherence time and starts a new sequential search.
multiplexed (TDM) system is to let the base station (BS) Using a sequential search to identify an acceptable user
probe all the users and select the user which reports the best contribute to increase fairness in a multiuser system,
channel quality at any given time-slot. The selected userdice the sequence in which to probe the users can be made
given access to the channel to either upload or downlodifferent from one time-slot to the next. When independent and
information, and the average spectral efficiency (ASE) of théentically distributed (i.i.d.) channels are assumed, the users
system can be maximized by transmitting with the higheegiill be competing for the channel on equal terms. In this case,
possible rate supported by the selected channel. on average, alK users will have accessed the channel after
The key observation utilized in this paper is that algorithm&™ time-slots.
originally devised to select between antennas in a spatial
diversity combiner also may be applied as multiuser access
schemes, since multiuser diversity may be looked upon asA TDM system is considered, where only one user has
spatial diversity, in which the antennas of the spatial diversighannel access per time-slot (for uplink or downlink). A single
combiner (acting as a BS) have been replaced by users (etwste-slot is divided into a guard time and an information
having a single antenna). Hence, a multiuser access scheraasmission time. During the guard time, the base station
based on always serving the user with the strongest chanselects the user who will have access to the channel in the
is equivalent to the selection combining (SC) scheme insabsequent transmission time. The guard time is assumed fixed
spatial diversity system [3, Section 9.7]. It yields the besind equal to the amount of time necessary to probe all the
ASE for a certain target bit-error-rate (BER), but it comessers. The time duration of a single time-slot is assumed
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roughly equal to the channel coherence time, and the datkere a,, and b,, are code-dependent constants found by
burst is assumed to experience the same fading conditideast-square fitting to simulated data on AWGN channels.
as the preceding guard period (block fading). For simplicitf;he expression for BER is invertible, so the smallest
i.i.d. Rayleigh fading channels across the different users @8R required to achieve BERcan be identified asy,, =
assumed, and the individual users and the base station ard &), /b,,) In(a,,/BERy).

equipped with just a single antenna. Finally, perfect channel

state information is assumed available at both the BS and the IV. MULTIUSER ACCESS SCHEMES

users. _ . _ _ In the following subsections, ASE and average BER ex-
A rate-adaptive coding scheme using a setofmulti- pressions for a set of multiuser access schemes are presented.
Gaussian noise (AWGN) channels is assumed utilized Qfter reference, the PDF and CBBf the output SNR of a

each selected link to ensure a high ASE of the system [3}ngle-input single-output Rayleigh fading channel is equal to

In this paper,N = 8 different codes based on quadraturgnq denoted ap,(y) = %e—'yﬁ and P,(y) = 1 — e /7,

amplitude modulation (QAM) signal constellations of growingespectively. The symbo} denotes the average SNR, equal
size {M,, })_, = {4,8,16,32,64,128,256,512} are utilized. gn all channels.

Rate adaptation is performed by splitting the SNR range into

N+1 fading regions (bins), and the separate fading regions &e Scan-and-wait transmission (SWT)

defined by the SNR thresholds< 7 <7 <--- <y < The SWT multiuser access scheme is based on a multi-

yv+1 = oco. Coden with spectral efficiencyi?,, [bits/siHz] is ok scan-and-wait combining scheme [4] and it works as
used for transmission if the SNfRof the selected channel/userfo”OWS: during the guard time interval, a sequential search

s repqrte_d to be within the fadir)g rggio,t;[ =7 <mt1-The o iniiated by the BS, requesting the SNR of each user
lower limit +,, of each fading region is equal to the IowestSN%nd comparing it to a switching thresholdr. The SNR

. ' —4 )
which guarantees that a predefined target BER (BER0™) probing/checking process continues until either one user is

is achieved by code. aboveyr (this user is selected for the subsequent transmission
I11. ASE AND BER ANALYSIS time) or all K users have been examined and all have failed
The ASE of the system is obtained as a sum of the specff@/€xceedyr. In the latter case, the BS simply waits a period
efficiencies{ R, }_, = {1.5,2.5,...,8.5} for the individual longer than the channel coherence time (deliberate outage)

codes, weighted by the probabilify, that coden is used: before it starts a new sequential search. This procedure can be
' " repeated indefinitely until a user with an acceptable SNR is

N . . .
_ found. With this approach, the output SNR can be described
ASE= Z_:l B+ P, (@) by the following PDF [4, Eq.(6)]:
where s
Ynt1 = -P,(yr) =07 . 5
P, = / Pres (7)Y, 2 Prsun(7) { 0 otherwise ®)

n

The functionp.,,(7) denotes the probability density functionEven though the PDF in (5) is correct, it represents the PDF the
(PDF) of the output SNR at the BS. The shape of this PDRItPut SNR when the waiting procedure already is included,
will depend on the mode of operation of the selected multius@ifce the probability of not exceeding, is zero. In order
access scheme. to better relate the results of the SWT scheme to the other
The BER, when averaged over all codes and SNRs, is giv@#cess schemes presented in this paper, the PDF reflecting
as the average number of bits in error divided by the avera@ output SNRoer time-slotis needed. Such a PDF can be

number of bits transmitted [5][6]: obtained by assuming that the last examined user is selected
N _ (for simplicity) if all K users have failed to exceedg.
BER= 2n=1 Bn - BER, (3) However, the selected user is not allowed to transmit anything
anzl R, - P, in the subsequent transmission time. The operation of selecting

a user at the end will only ensure that the probability of not
exceedingyr will be different from zero. Since no users are
allowed to transmit information if all have failed to exceed,

the correct ASE and BER expressions are obtained by letting
i i {Rn}_ﬁ;l =0 (no transmission) whery <r. Under these
BER, = / a - 6_#11)755(7)&% ) conditions, the following PDF may be utilized [7, Eq.(35)]:

where BER, is the average BER experienced when cade
is applied. An expression fdBER, is obtained by utilizing
the exponential approximation BER= a,, - e ~?»7/M~ for the
BER-SNR relationship for varying [5], thus

stm(v):{ [ o [P, om)Fp,(7) v =ar ©

lin practice, the ASE of all the access schemes presented in this paper K-1
; : Pep Py(vo" () v <or

should be reduced by a factgg i, whereT}, is the guard time interval,

. . . g -, . N . .
and T; is the information transmission time interval. The factor is omitted,
since we emphasize on the relative differences in ASE. 2Cumulative distribution function.



Replacingp.,¢(y) with pISWT(w) in (2) and lettingp = P, (yr) replacingpys(y) with p,e..(v) in (4), the following solution
for notational simplicity, the following ASE is obtained: for the average BER is obtained:

PEISE + (R Yy + SE ) Sy
ASEs,

wherea,, = (R, — R,_1). Note that ASE,, is a function of Wwhere S{’ = SN RuA,, SE = Eg:qﬂ R, A, A, =

the indexg € [1,2,..., N], which denotes the fading region-t= (e=#»7n — e=#nnsr), py, = LoZEe, and T, =
in which v7 is placed. For fixed< and7y, ASE;,, will have %(e—qu — e HaTa+1),

N separate solutions correspondingyteresiding within each

of the N separate fading regiohsDefining v (for fixed & C. SET with post-selection (SETps)

and®) as the switching threshold that maximizes the ASE, it This is the same selection procedure as SET, except that

K-—1 N
ASEgr = Z pk Rq ’ e_WT/W + Z Qp * e_%'/v , (7) BERg = s (14)
k=0

n=q+1

is obtained as if no acceptable link has been found, the best one of all the
_ ASE.,). probe_d users exceeding is sc_alect.eq at the end_mstead of
T valrggjﬁ( SBour) ®) just picking the last one for simplicity [8]. For this scheme,

Defining the sett, = {7 € R : 7 < v < 7ms1} and using the PDF of the output SNR is given by [8]

the indicator function K-1rp A -
p’YSETps(’Y) = { Kk:o [ ’Y(’YT)] P'y('}/) 7207 . (15)

i P, (y)]E-1 <
e (v7) = { (1) :]1: Vo ; ﬁn , ©) [Py(* () v <or |
T " Upon replacingp.gs(y) with p,.(v) in (2), the following
the optimal switching threshold is residing within the fadind\SE is obtained:
region q
1= argmax (L, (1r) (10)  ASEwy. = p"Ry—Ra[Py(m)1 = [Py (7a) o,

n=2
Replacingp.s(v) with p_ _(v) in (4), the average BER may " K-l .

be written as in (11). No effort of minimizinBERs, (or any + (Bgvg +S341) D" (16)
other BER expressions in this paper) as a functionpfhas k=0

been done, since the BER performance already is perceiReplacingp.,s(y) with p,,(v) in (4) and using binomial

as acceptable when the predefined target BiERmnet. expansion ofP, (), the average BER may be written as
B. Switch-and-examine transmission (SET) % By (Rq’fq + Sfﬂ) ZkK:Bl pk
The SET scheme is based on a multibranch switch-and- BERers = ASEqcr,s » (17)

examine combining scheme [7]. It is equal to the SWT schem
except for the following: the last probed user is allowed td
transmit information if allK" users have failed to exceeg- (‘1—1 )

ere

and the reported SNR is abovg (the lowest SNR needed % = ZRnanA(wm’Ym%H) + RyagMwg, vg, V1)
to meet the target BER. Thus, in practice, the switching n=1
threshold for the SET scheme is relaxed4® = v for In the definition of ¥, the following notation has been in-

the last probed user in order to reduce the outage probabilippduced:A(a, b, ¢) = f_—ol (%1 (=D* (e~ — ¢=9°) and
This leads to an improvement in the ASE of the SET scheme _ b,3+(k+1)M, - “
compared to the SWT scheme. For the SET scheme, the PDF My '
of the output SNR is equal to [7, Eq.(35)] D. Selection combining transmission (SCT)
_ Zf:_ol [Py (vo)Fpy(7) 7 > 12) The SCT scheme is the benchmark scheme with which all
Prser(7) P K—1 ) the proposed switched based access schemes are compared.
[Py (yr)] Py () Y <Tr - . .

Within each guard time interval, ak’ users are probed and
which is equal top?_, (). Replacingp..(v) with p,..(7) the BS selects the user which reports the highest SNR. With
in (2), the ASE may be written as this mode of operation, the PDF of the output SNR is equal

Ko to [9, Eq.(5.85)]
_ K—-1gA A k
ASEqer = p" ST + (Rgvg + S341) ;O r, (19 Prser(7) = K2, ()] ps (7). (18)

Replacing p,g(y) with p . (v) in (2), the ASE may be

A N A N _
where S = > Rnon, Sihy = Do R, 6n, 6, = expressed as

n=q+1
(6_"/11/W _ 6_771-%—1/7)' and Uq — (B_VT/W q_ e_’)’q-f—l/W)_ By

N
347 may not reside inside the interval ran@e< v < 71, since this may ASEs; = Z R, - ([PW(%Hl)]K — [PV('yn)]K) . (19

result in an outage situation even though a user is above the threshold. ne1



K—-1 | Rqaq . e HaIT + ZN Rpan . e HnIn _ ZN_l Rn@L . e—ltn’Yn+1:|

n=q+1 BnY n=q pun7y

BERgr = ASE. (11)

Likewise, replacingp.,s(v) with p,...(7) in (4), the average  When an AFL constraint is introducegly must be identi-
BER for the SCT transmission scheme can be written as fied within a new sett,, = {y € R: 1 <~ < ~*}, where
KZN R a.Q v* < qn. The (possible) size reduction of the cardinality
n=l_ 7 7 7 (20) || < |X| will be a function of the strongness of the
ASEscr imposed AFL constraint. The ASE performance will become
whereQ,, = Bp (+,.,.)(K,Bn) — Bp,(4,) (K, Bn), Bn = 1+  suboptimal when obtained with unconstrained optimization
b7 and B, (z,y) denotes the incomplete beta function  no longer is available int,,. Hence, there is a trade-off
’ between ASE performance and AFL.
As an example, the constraipty, < oK 0 < a <1)is
The SCT scheme yields the best ASE of the multiuser acc@ssoduced in this paper. This constraint will ensure that the
schemes presented in Section IV, but it comes at the expepga_ do not exceed a certain percentage of the number of users
of a high and deterministic feedback load. For the proposednnected to the BS. Since the conditidn— p™)/(1 — p) <
switched multiuser access schemes on the other hand, &7€ cannot be solved in closed-form, the following condition
feedback loadV, will no longer be deterministic, but can bemust be satisfiedp™ — aKp+ oK — 1 > 0. To minimize the

modelled as a discrete random variable (RV) described by theL, and since the functiop —aKp+aK —1 is converging

BER’SCT =

V. AVERAGE FEEDBACK LOAD

probability mass function (PMF): to zero for largeyr (p converging tol), the upper bound* is
k—1 o _ _ selected as the minimum SNR which makés—aKp+aK —
pt-(1-p) k=1,..., K -1 .
PIN, = k] = { pK-1 k=K (21 1=0-Hence Xy ={yeR:(n <v=77)N(y <)}
0 otherwise where~* = ar<g min (pX —aKp+aKkK —1=0).
Y1y <00
Using this PMF, theaveragefeedback load (AFLYV, £ py. VI. AVERAGE WAITING TIME
per time-slot is equal fo A specific feature of the SWT scheme is that no information
1—pK is transmitted if none of thé users are abover. Thus, it is
BNe =7 'R (22)  of interest to know some statistics of the number of coherence
_ ) times N, the BS has to wait before an acceptable user is found.
The variance can be written as The numberN, will be a discrete RV, with PMF:
p— (2K — 1)p& + (2K — 1)pi+l — p2K
oy, = PR B @) PN, = 1] = pXi(1 — p¥), (24)

A. Trade-off between ASE performance and AFL for t :70,1,&... Using thl§ PMF, the average waiting time
(AWT) N. = un, and variance ofV,. are equal toun, =

In the following, v is defined (for fixed K and %) as K/(1—pK) ande?, = p’ /(1 — pK)?, respectively.
the switching threshold that maximizes the ASE subject to Ne ’
a possible AFL constraint. With no constrainy; is identified VIl. NUMERICAL RESULTS

within the sett¥ = {y e R: v, <y <y} (see (8)). The set |n Figure 1, ASE for all the presented access schemes are
X is upper bounded by, since this represents the lowestepicted for different average SNR levels. The results are
SNR threshold needed to select the highest rate of the rag@sed on selecting the optimal thresholds in a maximum ASE
adaptive scheme. There is no point of increasiagbeyond sense, subject to no restrictions on the AFL (unconstrained
vn, since this will only increase the AFL with no additionaloptimization). In the following, results are limited to the case
gain in ASE. when#¥ = 15 dB due to space limitations and for the sake of
clarity®. More results will be available in [10].
iB(wy) = [ ut (1 - w)V~du. As depicted in Figure 2, when maximizing the ASE subject
S5For the SWT scheme, the result in (21) differs from [4, Eq.(31)], where . ’ .
i, = 1/(1—p). In [4, Eq.(31)], the result is based on finding the averagid N0 AFL constraints, the optimal thresholds of the SETps
number per channel access within a time-frame longer than a single time-sgtheme will be high. This will contribute to increase the
whereas the result in (21) is valid per time-slot. For the SET scheme, the re o ; ;
in (21) also differs from [4, Eq.(36)], whepey, — (1—p*1)/(1—p). The ?Nbbablhty _that all the users are examined, which enables the
difference is based on whether the last probed user is counted or not. In B@St-Selection procedure. As a consequence, the AFL of the
paper, it is assumed that for all the proposed switched access schemes, the last
user is examined if all the previous — 1 have failed to exceeg. However, 6Average BER results are also omitted due to space limitations and since the
the result in [4, EQ.(36)] is based on the traditional SEC combining scheraetual shape of the curves are not important as long as they meet the target
[7], where it is assumed that the last antenna is selected without comparinB®Ry, = 10~%. Perfect channel state information and error-free feedback
to the thresholdyr . If the last user is not examined but selected automaticallffom the users are assumed in this paper, and in this type of scenario,

it will not contribute to increase the feedback load. Hence, both expressiaisthe presented schemes will achieve the target BERenever data are
are indeed correct. transmitted.



SETps scheme will be deterministic and equalifofor low
and medium average SNR levels. At high SNRapproaching
~r), the AFL will be less thar, since it is very likely that an

(4]

M. -S. Alouini, M. K. Simon, and H. -C. Yang, “Scan and wait
combining (SWC): A switch and examine strategy with a performance-
delay tradeoff,'in Proc. IEEE First International Symposium on Control,
Communications, and Signal Processing (ISCCSR'®p). 153-157,

acceptable user is found before all the users are examined. For March 2004.

the SET and SWT schemes, the optimal thresholds maximizirigl
the ASE are in general lower than for the SETps scheme,
basically to avoid that all users are examined (reducing the rigk]
of an outage). Due to lower optimal thresholds, an acceptable
user is identified more quickly, which effectively reduces thq7
AFL. In Figure 3, the AFL corresponding to the ASE results at
7 =15 dB in Figure 1 is depicted. From the results presente
in Figure 1 and 3, it can be deduced that the reduced AF
of the SET and SWT schemes do not translate into a big
performance loss in ASE compared to the SCT scheme. Hend8,
the additional gain offered by the SCT scheme by alwayfo]
identifying the best user is limited.

In Figure 3, the (unmarked) solid line illustrates the upper
bound of the AFL constrainiy, < 0.3K. The result of
imposing this constraint is depicted in Figure 4. The constraint
will immediately limit the AFL for the SETps scheme (for
all K). The SET and SWT schemes however are largely
unaffected, since the optimal AFL curves of the two schemes
obtained with unconstrained optimization are not in conflict
with the constraint, except wheR < 20 and K > 47 (SET
scheme). In Figure 5, 6, and 7, it is depicted how the ASE
curves in Figure 1§ = 15 dB) are affected when the AFL
constraintuy, < «K is imposed on the SETps, SET, and
SWT schemes, respectivély

In Figure 8, the AWT of the SWT scheme is depicted. It
can be seen that the AWT is very low, even for unconstrained
optimization (AWT = 0 for simplicity when the imposed AFL
constraints cannot be met). Basically, this means that the SWT
scheme hardly waits whef = 15 dB.
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ASE (unconstrained optimization) for the SCT, SETps, SET, and SWT access schemes
T T T T T T T T T

Average spectral efficiency (ASE) [bits/s/Hz]

Y
5dB

—6— SCT and SETps ||
—o— SET
—A— SWT

0 L L L L L L L

10 15 2 35 40 45 50

0
Number of users (K)

Fig. 1. ASE (unconstrained optimization) for the SCT, SETps, SET, and
SWT access schemes when the multiuser system is assumed to be operating

VIIl. CONCLUSIONS on i.i.d. Rayleigh fading channels with = [5, 15, 25] dB.

Several switched multiuser access schemes have been pro-
posed for systems operating in a TDM mode. The new access
schemes are aimed to reduce the AFL in multiuser systems
relying on feedback to maximize the ASE. Numerical results 28
quantifying the trade-off between ASE and AFL have been 26
presented, showing that the AFL can be reduced significantly
compared to the optimal SCT scheme without experiencing a
big performance loss in ASE. The proposed access schemes
are quite attractive also from a fairness perspective.

Optimal threshold (unconstrained optimization)

Optimal threshold [dB]
n
3
T
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AFL (unconstrained optimization) for the SCT, SETps, SET, and SWT access schemes
50 T T T T T T T T T
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— AFL<0.3K

ASE for SET when AFL < aK

Average feedback load (AFL) [users]
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T
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Fig. 3. AFL (unconstrained optimization) for the SCT, SETps, SET, a
SWT access schemes. For reference purposes, the solid line visualizesb ¢
(linear) upper bound for the constraint AKL 0.3 K. The multiuser system
is assumed to be operating on i.i.d. Rayleigh fading channels Avith 15
dB.

6. ASE realized by the SET access scheme when the AFL is upper
ded by AFL< oK. When the constraint cannot be met, ASEO for
simplicity. The multiuser system is assumed to be operating on i.i.d. Rayleigh
fading channels withy = 15 dB.

AFL for the SETps, SET, and SWT when AFL< 0.3K ASE for SWT when AFL < aK
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Fig. 4. AFL for the SCT, SETps, SET, and SWT access schemes whejy. 7. ASE realized by the SWT access scheme when the AFL is upper
AFL < 0.3K. When the constraint cannot be met, AELO for simplicity.  bounded by AFL< oK. When the constraint cannot be met, ASEO for

The multiuser system is assumed to be operating on i.i.d. Rayleigh fadigignplicity. The multiuser system is assumed to be operating on i.i.d. Rayleigh
channels withy = 15 dB. fading channels withy = 15 dB.
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Fig. 5. ASE realized by the SETps access scheme when the AFL is uppé- 8. Average waiting time (AWT) for the SWT access scheme. When
bounded by AFL< oK. When the constraint cannot be met, ASE0 for ~ the constraint cannot be met, AWZ 0 for simplicity (when AFL< 0.1K,
simplicity. The multiuser system is assumed to be operating on i.i.d. Raylei@#/T = 0 for K < 12). The multiuser system is assumed to be operating on
fading channels withy = 15 dB. 1.i.d. Rayleigh fading channels with = 15 dB.



